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Black Hole measurements have grown significantly in the new age of gravitation wave astronomy
from LIGO observations of binary black hole mergers. As yet unobserved massive ultralight bosonic
fields represent one of the most exciting features of Standard Model extensions, capable of providing
solutions to numerous paradigmatic issues in particle physics and cosmology. In this work we explore
bounds from spinning astrophysical black holes and their angular momentum energy transfer to
bosonic condensates which can form surrounding the black hole via superradiant instabilities. Using
recent analytical results we perform a simplified analysis with a generous ensemble of black hole
parameter measurements where we find superradiance very generally excludes bosonic fields in
the mass ranges; Spin-0: {3.8 × 10−14 eV ≤ µ0 ≤ 3.4 × 10−11 eV, 5.5 × 10−20 eV ≤ µ0 ≤ 1.3 ×
10−16 eV, 2.5×10−21 eV ≤ µ0 ≤ 1.2×10−20 eV}, Spin-1: {6.2×10−15 eV ≤ µ1 ≤ 3.9×10−11 eV, 2.8×
10−22 eV ≤ µ1 ≤ 1.9×10−16 eV} and Spin-2: {2.2×10−14 eV ≤ µ2 ≤ 2.8×10−11 eV, 1.8×10−20 eV ≤
µ2 ≤ 1.8 × 10−16 eV, 6.4 × 10−22 eV ≤ µ2 ≤ 7.7 × 10−21 eV} respectively. We also explore these
bounds in the context of specific phenomenological models, specifically the QCD axion, M-theory
models and fuzzy dark matter sitting at the edges of current limits. In particular we include recent
measurements of event GW190521 and M87* used to constrain both the masses and decay constants
of axion like fields. Finally we comment a simple example of a spectrum of fields for the spin-0 and
spin-1 cases.
I. INTRODUCTION
Black holes (BHs) as solutions to Einsteins field equa-
tions offer a vital probe into the fundamental interac-
tions and potential constituents of theories that deter-
mine the nature of our Universe [1–6]. Populations
of BHs are often classified into mass bounds based on
observational evidence to date. Common designations
across the BH mass spectrum normalised to the solar
mass unit M, are: stellar mass BHs [7, 8] (5M .
MBH . 102M), intermediate mass BHs [9–11] (IMBHs:
102M . MBH . 105M) , low mass BHs (LMBHs)
[12, 13] (105M . MBH . 106M), supermassive BHs
[14, 15] (SMBHs: 106M . MBH . 1010M) and ul-
tramassive BHs [16, 17] (UMBHs: 1010M . MBH .
1012M). To date numerous BHs have been documented
in the Milky Way and nearby galaxies from observed X-
ray binaries [18]. Some decades after their discovery it is
now also well understood most galaxies or active galactic
nuclei (AGN) [19] harbour a SMBH at their core. Phe-
nomenologically BHs themselves may provide interest-
ing candidates to observational issues, such as primor-
dial BHs representing the total dominant non-baryonic
matter in the Universe [20–22].
Recent successful probes of BHs have also taken place
in the new era of gravitational wave (GW) observational
astronomy, ushered in by their historic first direct detec-
tion from the coalescence of a binary BH (BBH) system
by the Laser Interferometer Gravitational-Wave Obser-
vatory (LIGO)/ VIRGO collaboration [24, 25]. This suc-
cess has continued with dozens of new observations [26],
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including neutron star (NS) binaries [27–29] and possible
BH-NS binaries [30]. Recently the first direct detection of
an IMBH [31, 32] (MBH = 142
+28
−16M) from LIGO event
GW190521 appears to have involved two merger objects
heavier than previously expected limits from models of
supernova dynamics. The apparent shadow from the
event horizon of the SMBH M87* was also recently pre-
sented by the Event Horizon Telescope (EHT) collabo-
ration [33–37]. This work representing the first direct
experimental evidence of a BH. Collectively these land-
marks indicate the initial footings of a wealth of data to
come. This exciting prospect potentially capable of deep-
ening our understanding of pertinent questions in both
the broader pictures of astrophysics and particle physics,
where objects on the largest scales might enlighten us
about physics operating on some of the smallest.
Ultralight bosonic matter with weak couplings to the
standard matter content of the Universe are common fea-
tures of many grand unified theories (GUTs) [38–40].
Common place in these theoretical frameworks are ex-
tended sectors of massive scalar (spin-0), vector (spin-
1) and tensor (spin-2) quantum fields, which prove chal-
lenging to probe experimentally due to their highly sup-
pressed couplings. A archetypal example is the QCD
axion [41–43], a pseudoscalar boson proposed to provide
a dynamical field solution to the issue of CP violation in
the Standard Model, via the Peccei-Quinn (PQ) mech-
anism [44, 45]. The mass of this field is light, of the
order, µQCD0 ' 5.71× 10−6eV (1012GeV/fa) [23], where fa
is the mass-scale where the anomalous global symmetry
the field is charged under, is broken. String and M-theory
compactification models often predict a plethoric land-
scape (string axiverse [46–48]) of ultralight pseudoscalars
or axion-like particles (ALPs), the dynamical scales of
ar
X
iv
:2
00
9.
07
20
6v
1 
 [h
ep
-p
h]
  1
5 S
ep
 20
20
210−2210−2010−1810−1610−1410−1210−10
µ [eV]
0.0
0.2
0.4
0.6
0.8
1.0
P
ex
(µ
[e
V
])
GUTQCD FDM
Spin-0
Spin-1
Spin-2
10−16.5
10−17.0
10−17.5
10−18.0
MPl
f
a
[G
eV
]
Figure 1. Total probability of exclusion functions for mas-
sive ultralight bosonic fields of spin-0 (solid line), spin-1 (dot-
ted line) and spin-2 (dashed line) from the collective BH
data ensemble in Appendix A ,using the measurements in
Table IV, Table V and Table VI. The shaded grey region
represents expected mass limits of FDM (10−(21−22) eV)(see
Section III C 3). The coloured shaded region represents the
bounds on the QCD axion in the limit fa ≤ MPl, its
mass/decay constant defined according to Ref. [23]. The dip
in the exclusions function represents an absence of measure-
ments for IMBHs which for spin-0 bosons is associated to the
GUT axion mass window defined in Eq. (31).
these ubiquitous degrees of freedom potentially spanning
many decades1. These fields may offer solutions to a
number of core issues in cosmology through their sym-
metry properties [42, 52–54], such as cold dark matter
(DM) [55–57], quintessence/ dark energy (DE) [58–60],
solutions to the electroweak hierarchy problem [61] and
cosmic inflation [62–66] etc.
Extended sectors of spin-1 vector fields [67–69] or dark
photons come from motivations for new abelian U(1)
gauge bosons in a hidden sector, possessing highly sup-
pressed couplings to electrically charged particles induced
through kinetic mixing with the photon. These often
arise in numerous extensions of the standard model such
as supersymmetric theories [70] or general hidden portal
models [71]. Like string theoretic axions it is expected
they could be ultralight, leading to observational effects
from a cosmological standpoint, relevant to areas such
as inflation [72, 73], DE [74–77] or DM [78, 79] (weakly
interacting slim particles (WISPS) [80]) etc.
Theories of massive spin-2 fields [81–86] have tradi-
tionally faced complications such as the presence of the
unstable Boulware-Deser ghost [87], which is also found
1 See for example Refs. [49–51] for counter arguments surrounding
tachyonic saxion masses and AdS vacua, where the nature of the
supersymmetric locus may suggest stabilised moduli and unfixed
axions forming an axiverse are non-trivial solutions.
in non-linear extensions of massive gravity. Example so-
lutions have been formulated [88, 89], such as bimetric
gravity theories [90–93]. These ghost-free theories allow
for an understanding of massive spin-2 fields coupled to
gravity (i.e. multi-vielbeins [82] or multi-metrics [94] ap-
proaches), though the specifics are certainly non-trivial
to ensure no significant deviations from general relativity
etc. Recent progress on the stability on particular fami-
lies of bimetric gravity theories has opened up the poten-
tial of exploring the dynamics of massive spin-2 particles
[88, 95–99] via unique non-linear solutions [89, 91, 100]
coupling two tensors which interact via non-derivative
terms. Under fixed conditions this scenario can be con-
sidered as traditional gravity theory with an extended
sector of spin-2 fields [101, 102]. It is also possible to
extend these investigations to theories of massive gravity
in order to explore properties of the graviton [95, 103].
If we are to seriously consider the low energy effec-
tive limits of extensions to the Standard Model such as
string theoretic frameworks, then it is natural to ask
what constraints can we place on these extended sectors
of ulralight bosonic fields. Fortunately a novel solution
to this problem has been highlighted recently, stemming
from the spacetime dynamics of rotating astrophysical
BHs and the universal nature of the gravitational cou-
plings ultralight bosons possess [95, 103–107]. A rotat-
ing astrophysical BH in a four-dimensional asymptoti-
cally flat spacetime is described by the Kerr geometry
[108], parameterised according to its mass, MBH and an-
gular momentum, J = aMBH. The phenomena of su-
perradiance from rotational bodies is a general feature
which can occur with systems that present a dissipat-
ing surface with a non-vanishing angular moment com-
ponent, leading to many fascinating outcomes [95, 109].
The presence of perturbations close to a rotating BH are
amplified [110, 111] when enclosed in a suitable reflecting
cavity. This instability is known as the BH bomb scenario
[112]. Assuming on-shell production of yet unseen bosons
from quantum fluctuations of the vacuum, naturally a
suitable confining mechanism is supplied from the mass
of bosonic fields leading to such an instability. The so-
called no-hair and uniqueness theorems permit precision
cosmology of BHs, inturn allowing us to probe the ex-
istence of quasi-equilibrium configurations consisting of
a classical condensate or bosonic cloud surrounding the
BH. Observations of BHs with a non-zero spin can act as
effective particle detectors [113], offering both the pos-
sibility of direct detection of their presence or excluding
their existence, which is the focus of this work.
Throughout we will refer to each test field as general
ultralight boson parameterised by their intrinsic spin, us-
ing the subscript notation µs where s = 0 for massive
scalars, s = 1 for massive vectors and s = 2 for massive
tensors. Both spin-0 and spin-1 bosons constraints can
be considered as limits of general ALP and dark pho-
ton bounds where we also use the notation, µax and µvec
interchangeably with µ0 and µ1 [95, 114]. In principle
constraints on these fields in the case of spin-1 and spin-
32 fields can be extended to stringent limits on the mass
of the photon [106] and the graviton [103] under certain
considerations. The paper is structured as follows. In
Section II we introduce the basic features of the super-
radiant instability and review analytical results in both
the free-field limit for spin-0, -1 and -2 fields as well as
the interacting limit for the spin-0 case. In Section III
we give our results for the bounds on ultralight bosons of
spin-0, -1 and -2 using observational measurements the
astrophysical BHs documented in Appendix A. We also
give limits on the self-interaction strength of spin-0 fields
or ALPs using considerations for the possible dynamical
collapse of the boson cloud (see Section II B) when the
coupling is sufficiently strong to alter the superradiance
process. In Section III C we discuss the current edges
of the bounds presented in Section III, in the context of
specific phenomenological models. We also speculate on
possible bounds from recent observations of massive com-
pact objects where either the nature of the object or the
spin is not-well defined, but the observed mass extends
the results in Section III. In Section IV we comment on
a heuristical example of constraints with multiple fields
utilising a spectrum of fields determined by a random ma-
trix theory (RMT) approach, in the limit of suppressed
self-interactions. Finally we conclude our discussions in
Section V.
II. BLACK HOLE SUPERRADIANCE AND
ULTRALIGHT BOSNIC FIELDS
The Kerr geometry associated to a rotating astrophys-
ical BH in canonical Boyer-Lindquist coordinates is de-
fined by the line element,
ds2Kerr = −
(
1− 2rgr
Σ
)
dt2 − 4rgar sin
2 θ
Σ
dtdφ (1)
+
Σ
∇dr
2 + Σdθ2 +
(r2 + a2)2 − a2∇ sin2 θ
Σ
sin2 θdφ2 ,
(2)
with metric functions, Σ = r2 + a2 cos2 θ and r± =
rg ±
√
r2g − a2. The outer physical BH event horizon
is the null hypersurface denoted by r = r+. The Kerr
spacetime omits an ergoregion surrounding the phys-
ical horizon where time-translation Killing vectors ∂t,
becomes spacelike. This allows for the Killing energy
density of a bosonic field to become negative under cer-
tain conditions (Eq. (4)) leading to an effective negative
Killing energy flux towards the horizon. This observed
growth of the bosonic field (from an observer at spacial
infinity) from the extraction of the BHs angular momen-
tum is the superradint instability. The efficiency of the in-
stability is determined by the gravitational fine-structure
constant, regulated by the two-key length scales of the
boson-BH system,
α ≡ rg
λc
=
GNMBHµ
~c
, (3)
where rg ≡ GMBH/c2 defines the relevant length scale of
the BH. The value of λc = ~/µsc represents the reduced
Compton wavelength of a massive bosonic field. Superra-
diance is maximal when the Compton wave-length of the
boson is comparable to the Schwarzschild radius of the
BH, α ∼ 1. The exponential amplification of the bosonic
field occurs until the superradiance condition is no longer
satisfied,
0 < ω ≈ µ < mΩH , (4)
where ΩH is the angular phase velocity of the BH event
horizon. This can be expressed in terms of the dimen-
sionless spin or Kerr parameter of the spinning BH,
a∗ ≡ a/rg ∈ (0, 1]2, where,
ΩH =
1
2rg
a∗
1 +
√
1− a2∗
. (5)
In the limit of small coupling or the non-relativistic limit
(α 1) superradiance can be considered in the perturba-
tive regime through an expansion in powers of α, which is
the phenomenologically relevant domain for many models
of massive bosons. The eigenmode spectrum and rates
for a series states are denoted by the harmonic decom-
position of the principle (n)3, orbital angular momentum
(l), total angular momentum (j) and azimuthal angular
momentum (m) quantum numbers, replicating that of
the hydrogen atom. In the case of massive scalar fields
we adopt the |nlm〉 notation and likewise |nljm〉 for the
case of massive vectors and tensors. To leading order the
eigenfreqencies of the modes of the gravitational atom
are4,
ωR ≈ µ
[
1− 1
2
(
α
n+ l + 1
)2]
∼ µ . (6)
As the cloud is bosonic and not fermionic5 in nature,
the hydrogenic analogy of Eq. (6) contains an important
addition from ingoing boundary conditions for waves in-
falling at the BH horizon. The true occupation numbers
2 A general astrophysical upper limit for this parameter is a∗ ≤
0.998, from modelling of thin disks, known as the Thorne limit
[115]. Upper bounds generally depend heavily on the nature of
the accretion flow so we fix the upper limit to 1, from the cosmic
censorship conjecture. This is the value required in order for a
rotating BH to possess an event horizon, vital to the superradi-
ance process. Measured BHs which come close to saturating this
bound are sometimes referred to as extremal.
3 The principle quantum number is sometimes denoted as n¯ =
n + l + 1 where n is the radial quantum number. Throughout
our we use the notation n to represent the principle quantum
number only.
4 See Ref. [119] for examples of higher-order corrections to the
eigenfrequencies.
5 Properties of degeneracy pressure with fermionic states ensure a
large number of species are required to observe the superradiance
process with fermionic species. See for example Ref. [120] for
superradiance bounds on this number.
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Figure 2. Imaginary component of the bound-state frequency ω in Eq. (7), representing the instability rate, denoted as either
Γnlm or Γnljm. For spin-0 (|nlm〉) or spin-1 states (|nljm〉) we use the analytical results found in Refs. [116–118]. For spin-2
(|nljm〉) states we use the analytical results of Ref. [102]. In the left panel we give comparative example results for a range of
dominant and sub-dominant modes for each boson spin, as a function of the dimensionless coupling α = µMBH, with a fixed
BH spin value, a∗ = 0.5. In the right panel we show example results for each spin value for the instability rates as a function
of the dimensionless spin a∗ for a fixed value of the dimensionless coupling, α = 0.1.
of the energy eigenstates are determined by quasinormal
states/complex eigenfrequencies of the form,
ω = ωR + iΓSR . (7)
The value of the small imaginary component, ΓSR, deter-
mines the nature of the bosonic clouds growth (ΓSR > 0)
or decay (ΓSR < 0). The magnitude of this value gives
the temporal change in amplitude from the dissipative
boundary conditions at the horizon which occurs over
the superradiance e-folding timescale, τSR = 1/|ΓSR|. The
resultant state upon saturation of Eq. (4) is a long lived
bosonic cloud surrounding the BH spacetime.
In the free-field limit the occupancy of each level of the
system grows according to the superradiance rate until a
quasi-stationary state is formed with the boson cloud,
dN
dt
∣∣∣
SR
= ΓSRN , (8)
which reaches maximum occupancy at [104, 121],
NMax ' GNM
2
BH
m
∆a∗ ≈ 1076 ×
(
∆a∗
0.1
)(
MBH
10M
)2
.
(9)
For constraints on bosonic masses it is required the
bosonic field should deplete the spin of the BH (∆a∗ ∼
O(1)) within the relevant characteristic timescale of the
BH, τBH,
ΓSRτBH ≥ lnNMax . (10)
To explore the phenomenology of bosonic fields a com-
mon conservative instability timescale is the Salpeter
time, τSal ' 4.5 × 107 Yrs [122], motivated by accre-
tion models, where the compact object is radiating at it
Eddington limit. A further conservative extension to this
accounts for periods of super-Eddington accretion [118]
which defines τSEdd = τSal/10 ' 4.5 × 106 Yrs. Alterna-
tively it may also be possible the Eddington accretion
rate, M˙Edd is suppressed sufficiently such that the rele-
vant BH evolutionary timescale is much longer (see Sec-
tion III C 3). To allow for this we also consider instabil-
ity timescales shorter than the Hubble time, τHub ∼ 1010
Yrs.
The superradiance process may offer a number of in-
teresting signatures indicating the presence of ultralight
bosons when the mass of the bosonic cloud is sufficient
enough backreaction effects must be accounted for. This
could lead to contributions to the stocstic background of
GW detectable by LIGO/Virgo, emit monochromic GWs
or be detectable from non-linear features in the evolution
(see Section II B), such as GW burts triggered from self-
interactions [104, 121, 123–125].
A further possibility and the focus of this work is the
exclusion of bosonic masses through notable BH absences
in the BH mass-spin plane or Regge plane. Each eigen-
mode is used to determine an exclusion isocontour win-
dow, where any BH spin measurement with sufficient spin
which transcends this bound, constitutes an exclusion
for a fixed boson mass. This makes the assumption the
BH has failed to spin down over a sufficient time period
due to the presence of an instability. Therefore a sta-
tistical investigation of whether current BH observations
sit within these regions can lead to large exclusion win-
dows over the ultralight domain. In Fig. 3 we present ex-
ample Regge exclusion planes for both stellar mass BHs
and SMBHs at fixed boson masses, many of which cur-
rently show strong evidence for exclusions from the pre-
5sented BH data points. From this point forward we will
normalise dimensionful constants and work in the units
GN = c = ~ = 1 and the value MPl = 2.435× 1018 GeV
represents the reduced Planck mass. We now review pre-
vious analytical results in the literature for the instability
rates for each bosonic field spin we use to calculate ex-
clusions. For an extensive review of superradiance see
Ref. [95].
A. The Free-Field Domain
In the limit where the self-interaction strength between
the massive bosons is sufficiently weak, the instability oc-
curs at a rate according to Eq. (10), until Eq. (4) ceases
to hold. Analytical solutions for ΓSR are known in each
case for linearised spin-0, -1 and -2 fields evolving on a
fixed background, allowing bounds to be placed on their
masses from astrophysical observations of BHs. Results
are found from an understanding of the wave-functions
behaviour, where approximate solutions are considered in
different regimes of validity, in regards to the BH horizon.
These methods lead to functions which suitably emulate
the true numerical solutions at all radii. Below we sum-
marise the results in the literature for each boson spin
value we consider. See Ref. [95] for a unified description
of analytical results for superradiant instabilities in the
linearised regime.
1. Bosonic Fields of Spin-0
Massive scalar fields on a spacetime gµν , obey the
Klein-Gordon equation of motion,
(gµν∇µ∇ν − µ20)Φ = 0 . (11)
A vital property of the Klein-Gordon equation is its sepa-
rability in Boyer-Lindquist coordinates via a general field
ansatz of the form, Φ(t, r) = e−iωt+imφR(r)S(θ). Un-
der the Teukolsky formalism [126, 127] the Klein Gor-
den wave-equation separates into a function of solvable
spheroidal wavefunctions. The relevant radial equation
is a confluent Heun equation leading to a series of quasi-
bound state solutions under the conditions of purely in-
going waves at the event horizon (r → r+) that van-
ish at spacial infinity (r → ∞). Under a perturbative
treatment of α, asymptotic solutions are matched in an
overlap region leading to analytical results for the fre-
quency eigenvalues, ω in Eq. (7). The validity of these
solutions in the low coupling limit has been confirmed
sufficient from exact numerical solutions (generally of the
order α . O(0.1)) [105, 128]. Analytical results are also
available in the strong coupling limit (α 1) for scalars
through a WKB analysis [111]. For scalar states the ana-
lytical superradiance timescale as a solution to an eigen-
value problem is determined by Detweilers approximation
[116],
Γnlm0,SR = 2µ0r+(mΩH − ωnlm)α4l+4AnlXlm , (12)
Anl = 2
4l+2(2l + n+ 1)!
(l + n+ 1)2l+4n!
(
l!
(2l)!(2l + 1)!
)2
, (13)
Xlm =
l∏
k=1
(k2(1− a2∗) + 4r2+(mωnlm − µ0)2 . (14)
The fastest growing level occurs for the nodesless (n = 2)
mode with the lowest orbital quantum number, which is
the dipole mode, |nlm〉 = |211〉. To leading order the
growth rate of this mode is, Γ211SR ∼ 24−1a∗α8µ. Modes
with l 6= m are heavily suppressed compared to those
with l = m as shown in the left panel of Fig. 2 with the
example mode |321〉.
2. Bosonic Fields of Spin-1
The introduction of non-vanishing spin to a perturbing
massive field adds technical complications in understand-
ing its nature on the BH background. Massive vector
fields on a spacetime gµν , obey the Proca equations of
motion,
∇µFµν = µ21Aν , (15)
with Proca field strength, Fµν = ∂µAν − ∂νAν and vec-
tor potential, Aµ. The massive vector field explicitly
breaks U(1) symmetry, disregarding any gauge freedom
in the vector potential and therefore satisfying the re-
quired Lorenz gauge conditions, ∇µAµ. The field equa-
tions then reduce to a description of four Klein-Gordon
equations (i.e. ( − µ21)Aµ = 0). The Proca equation
does not present the same neat separability qualities (i.e.
susceptible to the standard Teukolsky formalism as with
the spin-0 case), whereby only recently did novel meth-
ods (FKKS ansatz [132]) allow for a complete separa-
tion result, leading to a system of five solvable second-
order PDEs. These results have subsequently been ex-
tended to the full Kerr-NUT-(A)dS family of BH space-
times [133, 134] as well as Kerr-Newmen/Kerr-Sen so-
lutions [135]. Previous results for a minimally coupled
massive vector fields used to define the linearised mode
equations consist of semi-analytical methods conducted
in the slow-rotation limit [106], numerical time evolution
solutions [136–138] and numerical frequency-domain so-
lutions [114].
Analytical results have been formulated using the
method of matched-asymptotics in the non-relativistic
limit (α  1), reproducing a set of solvable Schro¨dinger
type equations [117, 118, 139]. The boundstate rate so-
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Figure 3. Isocontour exclusion bounds in the BH mass-spin Regge plane for fixed bosonic masses. In the left panel we show
the stellar mass BHs with exclusion bounds from a spin-0 field of fixed mass, µ0 = 4.3× 10−12 eV, using the dominant modes
with orbital/azimuthal quantum numbers equal to l = m = (1-5). The grey/gold data points represent X-ray binary systems/
GW binary mergers from Table IV/Table V. The darker outer/lighter inner shaded bounds come from using an instability
timescale of the order of a Hubble time, τSR = 1× 1010 Yrs and accounting for super-Eddington accretion, τSR = 4.5× 106 Yrs.
These timescales also coincide with the longest and shortest timescales determined for stellar-mass binary merger scenarios
[129–131]. In the right panel we show the SMBH domain, giving example exclusion regions for fixed spin-1 and spin-2 masses
using the Salpeter instability time scale, τSR = 4.5× 107 Yrs. The red points represents the SMBHs found in Table VI.
lutions for spin-1 fields are given as,
Γnljm1,SR = 2µ1r+(mΩH − ωnlm)α2l+2j+5BnljYjm , (16)
Bnlj = 2
2l+2j+1(l + n)!
n2l+4(n− l − 1)!
(
l!
(l + j)!(l + j + 1)!
)2
(17)
×
(
1 +
2(1 + l − j)(1− l + j)
(l + j)
)2
, (18)
Yjm =
j∏
k=1
(k2(1− a2∗) + 4r2+(mωnlm − µ0)2 , (19)
valid for the mode set, {j = l + 1; l}. The domi-
nant mode for vectors is |nljm〉 = |1011〉, with the
approximate scaling proportionality, Γ1011SR ∝ 4a∗α6µ1
[106, 117, 118, 124, 134, 137, 140–143] as shown in the
left panel of Fig. 2. Example solutions to Eq. (16) as a
function of the BH spin are shown in the right panel of
Fig 2.
3. Bosonic Fields of Spin-2
The separability of massive tensor field perturbations
on the Kerr background has only recently been explored
in the context of superradiant instabilities. Considering
a general curved spacetime, it has been shown at the lin-
ear level there exists consistent field equations for mas-
sive spin-2 fields [103, 144] which lead to the emergence
of a description of superradiant instabilities for unstable
hydrogenic states [95, 96, 102, 103]. Previous results in
the literature have produced considerations in the slow-
rotation approximation to first order in the Kerr parame-
ter [103] and solutions in the limit, α 1, for any values
of the dimensionless spin [102]. At leading order the lin-
earised field equations for a massive spin-2 test field are
defined as [103],
Hαβ + 2RαγβδHγδ + µ22Hαβ = 0 , (20)
∇αHαβ = 0, Hαα = 0 , (21)
where Hαβ represents a canonically normalised mass
eigenstate for a spin-2 field and Rαγβδ is the Riemann
tensor. Using Eq. (A25) in Ref. [102] the authors an-
alytically compute the instability time scales for domi-
nant modes by utilising the BH absorption probability
for long-wavelength massless spin-2 waves. To leading
order the absorption probability and the Schwarzschild
decay rate are used to determine the spin dependence on
the decay rate for the relevant quasi-bound state [118].
The superradiance rates in the spin-2 case are defined as,
Γnljm2,SR = Tlj(mΩH − ωnljm)α2l+2j+5
(
Cjm(a∗)
Cjm(0)
)
,
(22)
Cjm(a∗) = (1 + ∆)∆2jZnljm , (23)
Znljm =
j∏
k=1
[
1 + 4M2BH
(
(ωnljm −mΩH)
k∆(1 + ∆)−1
)]
, (24)
where ∆ =
√
(1− a2∗) is the BH absorption probabil-
ity [102]. These solutions are valid for the mode set,
7{j ∈ (l − 2, l + 2) ≥ 0,m ∈ (−j, j)} and the numeri-
cal constants Tlj can be found in Table I of Ref. [102].
Unlike the case of spin-0 and spin-1 fields, spin-2 fields
possess two dominant states, |n, j, l,m〉, through the non-
axisymmetric mode requirements, m 6= 0 so j ≥ 1. These
are the dipole mode, j = l = 1 and quadrupole mode,
j = 2, l = 0. As pointed out in Refs. [95, 102] the exis-
tence of a special, potentially dominant dipole mode [103]
is distinct in the small coupling limit whilst not possess-
ing an overtone. Current solutions for this mode are only
provided to first order in the spin. We therefore follow
the the work of Refs. [95, 102] and only consider the sub-
sequent leading order modes for our constraints. This
means the results in Section III A might be conservative
in terms of not accounting for instability time-scales from
modes shorter than the case of spin-1 fields etc. [103].
B. Nonlinear-self-interactions and Bosenova
There are two principle specific non-linear phenomena
which could significantly effect the exponential growth of
the bosonic cloud. These are level mixing between super-
radiance levels and the presence of a series of dynamical
collapses known as a bosenova [104, 121, 145–147] from
self-interactions within the cloud. For isolated systems
level mixing effects may also quench the evolution of the
instability as the BH could sits on a Regge trajectory
during the spin down process. We comment on this in
Appendix B. For binary systems the presence of a sec-
ondary component (NS or BH etc.) may also have a sig-
nificant effect on the profile of the boson cloud, and the
rate at which the instability evolves through inspiral dy-
namics [119, 148–154]. Tidal effects such as resonances
can lead to significant deformations of the hydrogenic
wavefunctions via transitions between growing and de-
caying eigenmodes [119, 151]. This may also have signif-
icant effects for observational GW astronomy [150, 155]
(sinking orbits etc. [148, 156, 157]).
For the analysis in this work we adopt the simplifi-
cation of considering the evolution of the cloud to be
dominated by a singular eigenmode with the other eigen-
modes evolving independently on the Kerr background,
representing a decoupled series of quasi-stationary states.
In the case of merger measurements (Table V) we assume
that the instability is effective throughout the binary
systems lifetime. This would relate to the approxima-
tion that the BHs are well separated before the merger
and the approximation of the instability being allowed
to evolve independently before the merger event occurs.
See Ref. [158] for an analysis with both cases.
Couplings to standard matter components can also
suppress the superradiant growth, such as couplings to
photons [159, 160]. Alternatively for a general (pseudo-
)scalar boson, φ, described by a periodic potential of
the form, U = f2aµ
2
0(1 − cos(φ/fa)), the self-interaction
strength (λ ≡ µ20/f2a) of the field is governed by the scale
of the spontaneously broken U(1) symmetry of the the-
ory. The nature of the quartic coupling (λφ4/4!) can be
prohibitive to the superradiant evolution when the fields
decay constant is of the order fa  MGUT ≈ 1016 GeV
[121]. In this case the hydrogenic wave functions are no
longer valid when the self-interactions within the BoseE-
instein condensate overcome the gravitational binding
energy (Φ ∼ fa), leading to a rapid collapse of the cloud.
The critical occupation number at which this occurs is
[121],
NBose ' c01078
(
n4
α3
)(
MBH
10M
)2(
fa
MPl
)2
. (25)
The numerical constant c0 ∼ 5 is determined through
numerical simulations [145]. The interplay between the
values of Eq. (25) and Eq. (9) determine the efficiency
of the superradiance process, where the characteristic
timescale in which the instability extracts sufficient spin
within a single cycle, before self-interactions become sig-
nificant comes from a now modified version of Eq. (10),
ΓSRτBH(NBose/NMax) > lnNBose . (26)
Using Eq. (26) we can place exclusion bounds in the self-
interaction/mass plane for bosons. We present these re-
sults in Section III B and Appendix D 2.
III. BOSONIC BOUNDS FROM BLACK HOLE
SPIN MEASUREMENTS
Generally measurements of BH spins are often suscep-
tible to large uncertainties. We will account for this by
giving both results for bounds from individual BHs and
the total ensemble formed from the data in Appendix A.
This ensemble represents a population of astrophysical
BHs inside the mass range, 5M .MBH . 1010M. We
adopt the methodology of Ref. ([161]) (see Appendix B)
for our calculations. We follow this by stating bounds
from the total ensemble on the self-coupling strength of
ultralight scalars.
A. The Free-Field Domain
The following results apply to bosons where we con-
sider only their gravitational interactions. In Table I we
present the total exclusion window for each spin at the
68% confidence limit. Likewise in Table II we present
the total exclusion window for each spin at the 95% con-
fidence limit. The following bounds are calculated using
the instability rates in Eq. (12), Eq. (16) and Eq. (22)
for spin-0, spin-1 and spin-2 fields respectively. We use
the total BH data ensemble formed of Table IV, Table V
and Table VI with a BH timescale equal to the Salpeter
time. For completeness the individual bounds for each
BH using the instability timescales, τSEdd, τSal and τHub,
detailed in Section II, can be found in Appendix D 1.
These are presented in Table VII (X-ray binaries), Ta-
ble VIII (GW binary mergers) and Table IX (SMBHs).
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Figure 4. Constraints on the axion decay constant/spin-0 field self-coupling strength and masses determined from instability
timescales calculated using Eq. (26). In each example the bounds drop out due to the occurrence of a bosenova before the
instability extracts maximal spin from the BH. In the left panel we show example bounds at the 68% confidence interval for
stellar mass BHs, specifically the primary and secondary components of GW190521 and X-ray binary, LMC X-3. In the right
panel we display bounds on the lightest spin-0 fields excluded from the some of the heaviest BHs in our ensemble. In particular
M87* is able to constrain masses approaching the limits for FDM up to fa ∼ 1015.5 GeV.
Table I. Exclusion windows for massive bosonic fields with
integer spin, 0, 1 and 2 determined using the analytical rates
defined in Section II A at the 68% confidence level.
Boson Spin 68% Confidence Limit Mass Bounds
Spin-0
3.8× 10−14 eV ≤ µ0 ≤ 3.4× 10−11 eV
5.5× 10−20 eV ≤ µ0 ≤ 1.3× 10−16 eV
2.5× 10−21 eV ≤ µ0 ≤ 1.2× 10−20 eV
Spin-1
6.2× 10−15 eV ≤ µ1 ≤ 3.9× 10−11 eV
2.8× 10−22 eV ≤ µ1 ≤ 1.9× 10−16 eV
Spin-2
2.2× 10−14 eV ≤ µ2 ≤ 2.8× 10−11 eV
1.8× 10−20 eV ≤ µ2 ≤ 1.8× 10−16 eV
6.4× 10−22 eV ≤ µ2 ≤ 7.7× 10−21 eV
B. The Interacting Domain
In the interacting domain the self-interaction of the
boson condensate is sufficient to interrupt the super-
radiance process, which generally occurs at the order
fa ≤ MGUT ∼ 1016 GeV. In Fig. 4 we display example
bounds on the self-interaction and masses of ultralight
scalars. In the left panel we show bounds at the 68% con-
fidence interval from the two BHs detected in the LIGO
event GW190521 as well as X-ray binary LMC X-3. As
fa → MPl the constraints approach the free-field results
(see Table VII and Table VIII). These bounds represent
constrains on the self-interactions of the lightest bosons
constrained from stellar mass BHs. The black dashed
lines (fa ∼ 1014 GeV) represent the lowest value for fa
where the exclusion bounds in the free-field limit for the
mass cease to hold from the shape of the isocontours
in the Regge plane, determined by higher order modes.
Table II. Exclusion windows for massive bosonic fields with
integer spin, 0, 1 and 2 determined using the analytical rates
defined in Section II A at the 95% confidence level.
Boson Spin 95% Confidence Limit Mass Bounds
Spin-0
4.3× 10−14 eV ≤ µ0 ≤ 2.7× 10−11 eV
1.7× 10−19 eV ≤ µ0 ≤ 5.9× 10−17 eV
2.7× 10−21 eV ≤ µ0 ≤ 4.5× 10−21 eV
Spin-1
6.5× 10−15 eV ≤ µ1 ≤ 2.9× 10−11 eV
2.9× 10−22 eV ≤ µ1 ≤ 1.2× 10−16 eV
Spin-2
2.5× 10−14 eV ≤ µ2 ≤ 2.2× 10−11 eV
3.1× 10−20 eV ≤ µ2 ≤ 9.1× 10−17 eV
6.4× 10−22 eV ≤ µ2 ≤ 7.7× 10−21 eV
The black dotted lines (fa ∼ 1012 GeV) represent the
lowest value of fa constrained from superradiance which
is peaked at the approximate value ∼ µ¯68%0 , representing
the mean value of the free-field bounds. In the right panel
we show example bounds from observations of M87* and
Ark 120 (see Section III C 3) as constraints on models of
ultralight axionic DM. The results for each BH detailed
in Appexdix A are given in Table X.
Combining the free-field results in Section III A we can
take the highest individual bound on fa as a conservative
estimate of the value of fa bounded across the full mass
exclusion Windows given in Table I. To make this esti-
mate we consider the value in which the inflection point
of the first subdominant mode forms a orthogonal pro-
jection to the fa axis, as shown in the left panel of Fig. 4.
If the first subdominant mode is close to MPl we quote
the value in which first derivative of the outer contour
bound is an approximately well defined quantity (where
9the minimum constrained mass is not a constant function
of fa) on the edge of the lowest constrained masses, in
order to capture a sufficient area of the bounds. In the
case of stellar mass X-ray binary sources (Table IV) we
can exclude the values,
fa & 1.2× 1015 GeV , (27)
across the approximate mass interval, 9.9 × 10−14 eV ≤
µ0 ≤ 3.2 × 10−11 eV. From GW merger data (Table V)
the values,
fa & 2.5× 1014 GeV , (28)
over the approximate mass interval, 2.3 × 10−14 eV ≤
µ0 ≤ 2.1× 10−11 eV. Likewise for the SMBH domain we
find the bounds,
fa & 2.0× 1016 GeV , (29)
over the approximate mass interval, 2.5 × 10−21 eV ≤
µ0 ≤ 1.4 × 10−16 eV. In regards to the bounds stated
in Table I for spin-0 bosons we can exclude fa ≥ 1.5 ×
1015GeV over the interval 3.8 × 10−14 eV ≤ µ0 ≤ 3.4 ×
10−11 eV, fa ≥ 1.7 × 1016GeV over the interval 5.5 ×
10−20 eV ≤ µ0 ≤ 1.3×10−16 eV and fa ≥ 2.0×1016GeV
over the interval 2.5× 10−21 eV ≤ µ0 ≤ 1.2× 10−20 eV,
in concordance with previous results found in Refs. [121,
123, 162].
C. Black Hole Mass Gaps
For constrains on ultralight bosons from BH mass-spin
measurements there are four mass gaps which currently
fix probable mass ranges. Quantifying the limits of these
gaps will ultimately translate into defining hard edges
for the upper and lower bosonic field constraints, and are
therefore important in the context of phenomenological
model viability. The first of these is the NS/BH or lower
mass gap [163, 164] which traditionally spans orders of
∼ [2-5] M6 based on stellar evolution arguments and an
absence of any well defined gravitational and/or electro-
magnetic wave measurements for either a BH or NS in
this window [167]. The second mass gap regarding stellar
mass candidates is the high mass gap from the physics
of electron-positron pairs in stellar cores, known as pair-
instability supernova (PISN) [168–170] as well as pulsa-
tional pair-instability supernova (PPISN) [171] theory.
This traditionally excludes masses defined by the lower
bound MBH & (50-65)M. The upper bound on the
gap is defined for heavier objects which quench the pair-
instability at the order, MBH ∼ 120 − 135MBH through
6 The current heaviest NS with robust measurements has a mass
of 2.01±0.04M [165]. See also PSR J0740+6620 (2.14+0.100.09 M)
in Ref. [166]
photo-disintegration. This limit also indicates the ex-
pected lower bound on IMBHs and the first ever direct
observation of an IMBH appears to conform to this un-
derstanding but its merger component however do not
[31]. Generally inference of the masses of current IMBH
candidates is highly non-trivial (e.g see Refs.[172–176])
but evidence of their presence is growing [177], suggest-
ing the BH mass function is a continuum from O(1) solar
masses to billions of solar masses. It is expected IMBH
measurments [177] (MBH ∼ (102-105)M) will steadily
fill this gap through next-generation experimentation,
e.g. LISA [178, 179].
Jumping the current IMBH gap, LMBHs represent the
lightest objects associated to the general consensus many
galaxies are expected to possess SMBHs [180, 181]. An
understanding of the histories of LMBHs could bring in-
sight into the nature of seed-BHs, through indirect meth-
ods, considered as a suitable candidate to explain the
formation of SMBHS [182, 183]. Examples include the
bulgeless galaxy NGC 4395 [184, 185] possessing an ob-
ject with an infered mass of MBH ∼ 3 × 105M [186]
or the dwarf spheroidal galaxy POX 52 [187] (MBH ∼
3× 105M[187]). These BHs are often incorporated into
the IMBH class where many candidates have been iden-
tified in local analyses, such as the Sloan Digital Sky
Survey (SDSS) [188–190] or deeper searches [191–193].
They can be difficult to study as their measurements are
susceptible to large systematics from their apparent lu-
minosity, but are key target for direct detection in future
experiments through GW signatures etc.
Finally UMBHs represent the heaviest inferred ob-
servations to date, transcending masses of the order
∼ 1010M. It has been argued there is a theoretical
maximum redshift-independent value for the masses of
UMBHs of the order ∼ 5 × 1010M [194–196] (this ex-
tends to 3× 1011M for extremal prograde spin values).
It could be argued BHs could be found well above this
limit. So called Stupendously Large BHs (SLABs) [197],
which my be either primordial in origin or sit in the high-
mass tail of the UMBH population, could be as massive
as (1012 − 1018)M. Highly spinning objects (a∗ & 0.9)
could lead to constraints on the masses of bosonic fields
using the analytical solutions in Section II A, of the order
∼ 10−25.5 eV,∼ 10−27.5 eV and ∼ 10−28 eV for spin-0,
-1 and -2 fields respectively. See Ref. [197] for details
and superradiance bounds from SLABs. Below we ex-
plore the possible bounds emerging from each of these
gaps in the context of specific phenomenological models.
The origins and life-cycles of these objects are of course
heavily dependant on different classes of models. The
following bounds from objects with uncertain properties
are therefore only representative of possible limits con-
forming to the assumptions made in our analysis and are
far from robust in nature.
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1. The Neutron Star-Black Hole desert and the QCD Axion
There are several examples to date of unclassified ob-
jects which may fall in the lower mass gap, capable
of pushing the bounds on the heaviest bosonic fields
constrained by superradiance. In particular this is of
great interest to constraining the mass of the QCD ax-
ion [121] whilst also ensuring fQCDa . MPl from weak
gravity conjecture [198–201], entropy bounds [202] or
field range arguments [203] etc. Using the bounds for
spin-0 fields in Table I corresponds to the following
bounds on the QCD axion with a sub-Planckian de-
cay constant, 2.3 × 10−12 . µQCD0 . 3.4 × 10−11 eV
corresponding to MPl & fQCDa & 1.7 × 1017 GeV and
2.3 × 10−12 . µQCD0 . 2.7 × 10−11 eV corresponding to
MPl & fQCDa & 2.1 × 1017 GeV for the 68% and 95%
confidence limits respectively.
It is generally expected NS masses should somewhat
follow theoretical arguments for their maximum allowed
values such as the TolmanOppenheimerVolkoff (TOV)
hydrostatic equilibrium limit [204, 205], for rigidly spin-
ning objects, MTOV ∼ 2.5M (∼ 2M in the non-
rotating case). See example recent bounds on this value
from GW170817, MTOV ∼ 2.3M [206], MTOV ∼ (2.16−
2.28)M [207] and MTOV ∼ 2.17M ([208, 209]). As-
suming this as an approximate upper bound, then re-
cently several interesting measurements have been made
for compact objects difficult to classify without a detailed
analysis of their structure and evolution, one example
is the MBH = 3.3
+2.8
−0.7M BH candidate residing in the
binary system 2MASS J05215658+4359220 detailed in
Ref. [210] (see also Refs. [211, 212] for discussions on this
object).
Alternatively two rather mysterious system detections
by LIGO/Virgo may hint at evidence of observed BHs sit-
ting neatly above the mass of all known binary NS [213],
but significantly below any robust current stellar mass
BH observations to-date. Firstly the binary system in
the event GW190425 [214] is unusual due to its observed
mass (3.4±0.30.1 M) being significantly larger than previ-
ously known galactic double NS binaries [215–217], and
still it has not been fully ruled out if either one or both
of these components could be a BH. Event GW190814
involves the most asymmetrical binary mass ratio to
date, where its secondary object has a measured mass,
MBH = 2.59 ±0.080.09 M. The absence of features such
as an electromagnetic counterpart or measurable tidal
deformation currently leave the nature of the secondary
compact object also open for debate. Given the mass of
the secondary object appears to follow MBH > MTOV
from current bounds it could be argued the system is in-
deed a binary BH merger event [218–221], however see
Refs. [222–225] for BH-NS arguments. Measuring the
spin of the secondary object is challenging due to the
asymmetry in the merger component masses.
As an indication of what future observations in this
area could present in terms of bounds for bosonic fields we
use both the BH of Ref. [210] and the secondary compo-
nent of GW190814 as examples. We adopt a proxy prior
in each case of a∗ = 0.8 ± 0.2 representing a sufficiently
high spin for susceptibility to superradiance and use the
Salpeter instability timescale. Doing so gives the approx-
imate bounds on ultralight bosonic fields 4.0×10−13eV .
µ0 . 4.1×10−11eV, 5.9×10−14eV . µ1 . 4.1×10−11eV
and 2.3 × 10−13eV . µ2 . 3.4 × 10−11eV for spin-0, -1
and -2 respectively for the BH of Ref. [210]. For the sec-
ondary component of GW190814 we find 5.2×10−13eV .
µ0 . 5.3×10−11eV, 7.5×10−14eV . µ1 . 5.61×10−11eV
and 2.8×10−13eV . µ2 . 4.4×10−11eV for spin-0,-1 and
-2 bosons respectively. In the case of the QCD axion this
pushes approximate bounds on sub-Plankian decay con-
stants to values of fa & 1.4 × 1017GeV for the 2MASS
J05215658+4359220 BH and fa & 1.1 × 1017GeV from
the secondary component of GW190814.
Robust observational evidence of X-ray binaries still
suggest a higher bound on the upper mass gap and lower
bound on the empirical minimal mass of BHs to conform
to MBH & 5M. The lightest of these, GRO J1655-40
found in Table IV currently fixes bounds on scalar masses
less than µ0 . 1.6 × 10−11 eV or fa & 3.6 × 1017 GeV.
A deeper exploration and clarification of the nature of
this gap or even its existence along with the evolution-
ary physics of systems in this region which may contain
hypermassive NS [224, 226, 227], ultralight stellar mass
BHs and/or PBHs [218–221] formed in the early Universe
due to gravitational collapse of density fluctuations, may
push these limits even further. However substantial work
on stellar formation theory needs to be done first.
2. The Extragalactic Stellar Graveyard, Intermediate Mass
Black Holes & Light Galactic Cores
From a theoretical standing an absence of specific
IMBHs sitting in the BH mass-spin window is well moti-
vated by grand unification arguments in M-theory. The
G2-MSSM [48, 228–234] represents an effective four-
dimensional N = 1 supergravity theory arising from
the KK-compactification of a seven-dimensional singular
manifold of G2 holonomy. The phenomenological land-
scape of these M-theory frameworks concerns the stabil-
isation of a single class of moduli, the three-form peri-
ods over the basis three-cycles of the extra-dimensional
manifold. Considering known results for singularities on
compact G2 manifolds (i.e. those which generate features
such as chiral fermions or well defined local metrics), a
key principle component motivating the low-energy ef-
fective phenomenology is the volume of three-manifold,
VVis, which supports the the visible sector Minimal Su-
persymmetric Standard Model (MSSM) gauge group,
αGUT =
g2GUT
4pi
=
(4pi)
1/3
g211D
Vχ . (30)
The value g211D, represents the fundamental eleven-
dimensional coupling related to the eleven-dimensional
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Planck mass, M11D ∼ O(1) × 1017 GeV (from mod-
uli stablisation results) via the relationship, 2g211D =
(2pi)
8
M−911D. Standard results of the MSSM enforce
α−1GUT ≡ IM(f) ≈ 25 (where f is the visible sector
gauge kinetic function) for reconstruction of the visi-
ble sector or that the visible sector gauge group is sup-
ported on a three-cycle with the approximate volume,
VVIS ≈ 25. The ability to constrain the mass of the
axionic supersymmetric partner of the geometric mod-
uli associated to this cycle, can indicate values of the
gauge unification coupling constant consistent in these
models. The dynamical scale of the ultralight axion po-
tential, generated from higher order corrections to the
superpotential such as membrane instantons, can be pa-
rameterised in terms of the gravitino mass, m3/2 up to
O(1) corrections to the exponent, via the expression,
µai ' O(10−3)MPl/MGUT
√
(m3/2MPl)e
−0.5biVi [48].
The window for GUT axions (assuming fa & 1016
GeV) is currently bounded by the largest observed stel-
lar mass BHs and the lowest mass observations of low
mass AGN. The recent observation of the binary merger
GW190521 at redshift 0.8 contained two high mass BHs,
the primary component significantly larger than the stel-
lar structure theory limit from PISN. The largest of these
(MBH = 85
+21
−14 M) represents the heaviest recorded stel-
lar mass BH to-date, leading to the lightest bounds in the
µ ∼ 10−14 eV mass range. Although the formation chan-
nel of a BH appearing to sit in the PISN mass gap is
unclear we make the simplified assumption the compo-
nents of the binary system are independently long-lived
to be sufficiently effected by superradiance. There are ex-
pected to be many sources of uncertainty in the nature
of this gap such as nuclear reaction rates or the collapse
of the hydrogen envelope [32]. It could therefore be that
the previous bounds on the higher map gap were conser-
vative lower estimates to the true value.
On the other side of the exclusion bound dip, an ex-
ample LMBH candidate with a direct mass and spin
constraints is UGC 06728 [235, 236], a late-type, low-
luminosity Seyfert 1 galaxy. The mass of the BH is de-
termined as MBH = 7.1±4.0×105M and its spin limited
to a∗ ≥ 0.7. Although this BH has the lowest mass in
the total ensemble we consider, the higher spin bounds
on NGC 4151 actually lead to higher mass boson con-
straints, highlighting the spin dependence of these types
of bounds. Using the bounds defined in Table I we define
the allowed GUT axion window as,
1.3× 10−16eV . µGUT0 . 3.8× 10−14eV . (31)
Future observations of highly spinning LMBHs will
squeeze this limit further.
We can define an example toy model by fixing both
MGUT = 2 × 1016 GeV and selecting a cosmologically
motivated mass for the gravitino, m3/2 = 30 TeV, based
on naturalness arguments and concerns with mass of the
lightest modulus [229]. We also fix the membrane in-
stanton integers to bi = 2pi for concreteness. Using the
allowed window for the GUT axion in Eq. (31), whilst al-
lowing for O(1) fluctuations (see Eq. (11) of Ref. ([48]))
gives the approximate window limits (26.4 − 25.9) .
VGUT . (24.6 − 24.1) for the three-dimensional sub-
manifold volume of the visible sector or 1/(25.9− 26.4) .
αGUT . 1/(24.1− 24.6) for the GUT coupling constant.
Similarly the current exclusion window for axion masses
roughly translates to exclusions on volumes of 29.4 .
Vχ . 25.9 and 24.1 . Vχ . 21.9 in this simplified toy
example.
Of course the precise values of the quantities discussed
above are characterised according to a detailed descrip-
tion of the stabilised internal volume and complete super-
symmetric compactification process. The universal na-
ture of superradiance does however offer a neat prospect
of limiting geometrical model features in the future for
specific subsets of these models where extensive clarifica-
tion on this front is required before making any robust
constraints on model parameters. Similarly in Ref. [237]
they consider a model of the axiverse in which one ul-
tralight field plays the role the QCD axion and one (or
more) field(s) in the 1Hz axion window provides an O(1)
contribution to the required cosmological abundance of
DM. In this sense the 1Hz axion window for DM like
fields using Eq. (31), should have fields oscillating with
a frequency inside the band, 0.19 Hz . νφ . 57.28 Hz.
This relates to the approximate allowed visible sector dy-
namical scale, ΛVis ∼ (0.04− 0.61) MeV.
3. Cosmic Giants and Ultralight Bosonic Dark Matter
The heaviest BH recorded to date is associated to the
quaser TON 618 with a predicted mass of 6.6× 1010M
[16]. Other example candidates in this range are Holm-
berg 15A [238] (4 ± 0.8 × 1010), IC 1101 [239] ((4 ×
1010M), NGC 4889 (2.1±1.6×1010) [240, 241] and NGC
3842 (9.7±3.02.5×109M) [240, 241]. A particularly attrac-
tive model for the mysterious DM content of the Universe
asserts the DM particle is a boson with an ultralight mass
of the order µFDM ' 10−21− 22 eV, its corresponding
de Broglie wavelength comparable to a typical galactic
length scale (mv/~ ∼ 0.1.kpc assuming v ∼ 100kms−1).
This model is popular due to its ability to alleviate ten-
sions with numerous small scale issues [242], and is known
as fuzzy DM (FDM) or quantum wave DM [243, 244].
If the reasoning behind the maximum mass of a BH
from accretion arguments holds true these BHs repre-
sent the potential to probe the lightest masses for bosnic
fields. Confirming non-zero spin for these candidates
would push the current limits of stringent DM bounds.
As a representative example we adopt an optimistic
7 In Ref. [162] they utilise the UMBH SDSS J140821.67+025733.2
although the indirect measurements make the possible mass es-
timates significantly large.
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proxy prior for the spin, a∗ = 0.9 ± 0.1 under the as-
sumption these BHs might be found to be spinning with
extremal values. In Table III we give optimistic bounds
on ultralight bosons using this assumption. In the case
that an estimate is not placed on the error of the BH
mass we use M errBH = 0.5MBH. A number of these BHs
are able to fully exclude the FDM mass range for Spin-1
fields and a large portion for Spin-0.
Of the current heaviest BHs with Kerr parameter es-
timations, example candidates which can constrain the
lightest possible bosonic fields are M87* [33, 34, 36, 37,
245] at the center of the super-giant elliptical galaxy
Messier 87, quasar H1821+643 and the blazar OJ 287
primary. Previous constraints have been found for M87*
in Refs. [246, 247] and for OJ 287 primary in Ref. [162].
The mass of M87* is well defined from the Event Horizon
Telescope observations of the BHs shadow [37],
MM87
∗
BH = 6.5± 0.7× 109M , (32)
which is consistent with previous mass estimates through
the kinematics of gas dynamics [36, 248–250] (∼ 3 ×
109M) and stellar dynamics [36, 251, 252] (∼ 6.5 ×
109M). Its background metric solution was also shown
to be compatible with the Kerr solution [33]. Its mass
may also be closer to heavier UMBHs from considera-
tions for a SSA-thick ISCO ring [253] (9× 109M). The
spin of the BH is generally expected to be high [254–256],
although not currently a well defined parameter. Previ-
ous results consist of estimations from its twisted light
[257] (0.9± 0.05), [258] (0.75± 0.15), [259] (a∗ < 0.95 for
Kerr), TeV photon observations [260] (a∗ > 0.8), general
relativistic magnetohydrodynamic models of jet forma-
tion [261] (|a∗| > 0.5) and observed jet power spectra
[37] (0.94 > |a∗| > 0.5). Other possibilities include M87*
as a superspinar [259] (|a∗| > 1) or low spin Kerr solution
(i.e. jet boundary constraints [262] (a∗ ∼ 0.2−0.3)). For
the purposes of defining optimistic constraints we adopt
the prior [257],
aM87
∗
∗ = 0.9± 0.05 . (33)
The relevant BH timescale for M87* which concerns
its mass accretion rate, M˙BH, may in-fact be signifi-
cantly suppressed compared to the Bondi accretion rate
[37, 263]. To conservatively account for this follow
Ref. [246] and allow the spin-down to occur within a
Hubble time, τBH ∼ 1010 Yrs which gives the following
exclusion windows,
1.3× 10−21eV ≤ µ0 ≤ 1.8× 10−20eV , (34)
2.9× 10−22eV ≤ µ1 ≤ 2.6× 10−20eV , (35)
7.2× 10−22eV ≤ µ2 ≤ 2.5× 10−20eV . (36)
In the right panel of Fig. 4 we present 68% confidence
limit bounds bounds for ultralight scalar DM in the
(fa, µ0) plane from M87* along with Ark 120 for com-
parison. The high spin/ high mass of M87* gives the
strongest bounds on ultralight spin-0 fields approach-
ing FDM mass scales, giving a strong bound for masses
µ0 ∼ 2.5 × 10−21 eV with fa & 1016 GeV ≈ MGUT,
consistent with previous results [246]. The lower spin
values and large uncertainty of H1821+643 only returns
bounds for spin-1 fields over a characteristic timescale
of τHub, 5.3 × 10−22eV ≤ µ1 ≤ 8.8 × 10−22eV. For OJ
287 primary the spin of the BH is sufficiently low, super-
radiance does not exclude spin-0 fields over timescales
τBH < τHub and therefore we do not find bounds on the
self-interaction strength either for these two BHs. For
spin-1 and spin-2 bosons with τBH < τHub we find the
exclusion windows 2.9× 10−22eV ≤ µ1 ≤ 7.2× 10−22eV
and 6.7 × 10−22eV ≤ µ2 ≤ 1.4 × 10−21eV respectively.
These bounds represent constraints on lightest bosonic
matter from BH spin measurements whilst also limiting
the masses of potential candidates in the FDM scenario.
IV. MULTIPLE BOSONIC FIELDS IN THE
ULTRALIGHT DARK SECTOR
Given the broad logarithmic spread of the current
bounds on ultralight bosonic fields from superradiance, it
is also natural to consider features of certain model spec-
tra populating the limits given in Section III A [161, 264].
The string axiverse scenario [46, 47, 104] often predicts
the appearance of O(10)-O(100) scalar degrees of free-
dom in the effective limits of superstring models. A
common phenomenological prior placed on the masses
of these fields is a flat prior, motivated by the topolog-
ical complexity of the extra-dimensional manifold and
the exponential dependence the fields mass to the ac-
tion of their corresponding cycles [58, 265]. This max-
imally ignorant baseline approach indicates these fields
may extend from the Planck scale down to the Hubble
scale today (∼ 10−33 eV) [59, 266, 267]. It has also been
shown the mass spectrum associated to ultralight fields in
the dark sector can be modeled using a high-dimensional
RMT analysis [161, 266]. This approach invokes uni-
modal measures on the mass eigenstates in the limit of
a large population of fields, which take the form of well
defined limiting spectral distributions. In the simplest
configurations the nature of the spectrum is principally
regulated by a two hyperparameters ζ = {β, µ¯2}. The
value β = N/P is determined by the dimensionalty of the
sample matrices, with N (number of fields) samples and
P (unknown) variables. The value of µ¯ fixes the mean of
the dimensionful scales in the model.
To consider bounds using an example spectrum we
adopt the methodology of Ref. [161] and the effective
field theory given detailed in Appendix C and discussed
in Refs. [264, 266]. We assume the presence of a suf-
ficient number of fields (N & O(5 − 10)) in the total
spectrum such that the limiting spectral prior converges
to the form in Eq. (C1) from universality arguments. In
the case of massive spin-0 fields (Appendix C 1) previous
analysis have considered the spectrum of the mass ma-
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Table III. Example boson mass bounds from a section of the heaviest UMBHs recorded to date, assuming the BH is observed
to possess a high value for its spin. We assume a optimistic proxy prior of a∗ = 0.9 ± 0.1 with an instability timescale of
τSal only as demonstrative example. In the case of spin-1 fields the heaviest recorded BH to date, TON 618 could potentially
exclude fields spanning the full domain of FDM.
Black Hole Spin-0 Spin-1 Spin-2
TON 618 3.6× 10−22eV ≤ µ0 ≤ 4.9× 10−22eV 9.2× 10−23eV ≤ µ1 ≤ 1.0× 10−21eV 2.0× 10−22eV ≤ µ2 ≤ 9.6× 10−22eV
Holmberg 15A 5.3× 10−22eV ≤ µ0 ≤ 9.1× 10−22eV 1.3× 10−22eV ≤ µ1 ≤ 1.9× 10−21eV 2.7× 10−22eV ≤ µ2 ≤ 1.5× 10−21eV
IC 1101 5.5× 10−22eV ≤ µ0 ≤ 8.2× 10−22eV 1.4× 10−22eV ≤ µ1 ≤ 1.7× 10−21eV 3.0× 10−22eV ≤ µ2 ≤ 1.4× 10−21eV
NGC 4889 9.6× 10−22eV ≤ µ0 ≤ 1.4× 10−21eV 2.5× 10−22eV ≤ µ1 ≤ 2.9× 10−21eV 5.5× 10−22eV ≤ µ2 ≤ 2.6× 10−21eV
NGC 3842 1.9× 10−21eV ≤ µ0 ≤ 3.8× 10−21eV 4.7× 10−22eV ≤ µ1 ≤ 1.2× 10−20eV 9.6× 10−22eV ≤ µ2 ≤ 5.4× 10−21eV
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Figure 5. Example bounds for massive spin-0 and spin-1 fields drawn according to the mass spectrum discussed in Appendix C.
Each spectrum is parameterised according to a mean scale denoted, µ¯ and a distribution shaping parameter, βM. We calculate
the bounds using Eq. (37) with the functions presented in Fig 1 and the spectrum support in Eq. (C1). In each panel the solid
black line represents the 68% confidence isocontour and the dashed black line represents the 95% confidence isocontour. In the
left panel we present the bounds for spin-0 fields for the cases of Nax = 1 to Nax = 4 using the effective model in Appedix C 1.
In the right panel we present the bounds for spin-1 fields for the cases of Nvec = 1 to Nvec = 4 using the effective model in
Appedix C 2.
trix well-approximated by a Wishart matrix [266, 268–
278] as well as analyses for non-trivial kinetic matrices
and charge matrices exploring the fundamental domain
of the axion field space using canonical ensembles of pos-
itive definite random matrices [200, 268, 279–286]. For
massive vectors (Appendix C 2) we explore a mirrored
extension to the spin-0 case as a comparative example
but offer no physical motivations. Using the mass ex-
clusion function determined from superradiance we can
exclude a defined prior for the mass spectrum via an eval-
uation of a simple numerical product integral for a set of
hyperparameters ζ of a model M [161],
Pal(ζ,Ns|M) =
[∫
dµsP (µs, ζ|M)Pal(µs,Ns = 1)
]Ns
,
(37)
where Pal(µs,Ns = 1) = 1 − Pex(µs,Ns = 1) and
Pex(µs,Ns = 1) is one of the functions visualised in Fig. 1
for spin-0 (s = 0) or spin-1 (s = 1) bosons. The func-
tion P (µs, ζ|M) is the spectral prior we fix for the boson
masses. If M represents the limiting spectral distribution
of a RMT model then statistically the eigenvalues are cor-
related quantities and the joint eigenvalue density must
be corrected each draw to account for local eigenvalue
probabilities. Specifically for individual eigenvalue statis-
tics for matrices residing in canonical invariant ensembles
this corresponds to a calculation of spectral quantities
such as gap probabilities. These are often expressed in
terms of well defined generating kernels used to calculate
the relevant N-point correlation functions which define
the correct eigenvalue probability density [287–289]. To
account for this and avoid such technical complexities
we limit the number of fields we ‘draw’ from the limit-
ing spectrum to a maximum of a ‘few’ (Nax ≤ 4) in this
heuristical example. This allows us the approximation
that the eigenvalues are separated globally over the com-
pact interval of their spectral support, where localised
eigenvalue repulsions from spectral correlations are suffi-
ciently suppressed.
In the left panel of Fig 5 we present constraints for a
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spectrum of spin-0 fields determined by the Marcˇhenko-
Pastur density function (see Appendix C 1) for different
values of its spectral mean (µ¯ax) and distribution shaping
parameter (βM). In the case of Nax = 1 the faded con-
strained region at the order µ¯ax ' 10−20 eV corresponds
to constraints from BHs approaching the UMBH mass
range from M87*. As we increase the number of fields
these bounds quickly converge into the remaining collec-
tive SMBH bounds. Likewise mean spectral scales in the
IMBH range also begin to be more heavily constrained.
When βM → 0 the spectrum approaches a point mea-
sure P (µax) ' δ(µax), up to statistical fluctuations and
the bounds approach the free-field limits given in Sec-
tion III A. Alternatively as βM → 1 the spectrum sup-
port is greatly enhanced over logaritimic distances (see
the right panel of Fig. 7 in Ref. [161]) leading to the
degeneracy curves in the constraints which drop out as
βM ' 1.
Similarly in the right panel of Fig. 5 we present con-
straints for a spectrum of spin-1 fields also determined
by the Marcˇhenko-Pastur spectral function (see Ap-
pendix C 2). The enhanced range of the mass bounds for
spin-1 fields (see Table (I)), generates stronger bounds
in the multifield case compared to the spin-0 example,
where at Nvec = 4 spectra with a fixed mean inside
10−20 . µ¯vec . 10−10 are nearly fully constrained at
the 68% confidence limit across the full window. This
representative of the characteristic dependence that the
phenomena of superradiance partnered with only a small
number of fields in a spectrum located within this mass
range can quickly constrain the spectral hyperparameters
of models [161]. Accounting for eigenvalues correlations
would allow for bounds in cases where the mean scale is
fixed far away from the limits considered in Fig. 5, as
a larger number of fields will enhance the likelihoods of
drawing outliers which can still provide exclusions.
V. CONCLUSION
Models of ultralight bosonic fields offer numerous en-
ticing possibilities but come with the logistical challenge
of detection induced by their extremely weak couplings.
Superradiant instabilities offer a unique opportunity to
place bounds on the weakly-coupled sector of ultralight
massive bosons through indirect methods. A statisti-
cal analysis of the Regge mass-spin plane with measure-
ments of astrophysical BHs with non-zero spin can be
used to exclude specific mass scales and self-interaction
strengths.
In this paper we have considered constraints on ultra-
light bosonic fields of integer spin-0, -1 and -2 from the
parameter measurements of a generous number of identi-
fied BHs. Generally our results hold in the limit of a lin-
earised analysis of bosonic instabilities where the cloud is
free to evolve independently of features of the surround-
ing spacetime. Dominant modes are free to spin down
the BH without accounting for possible non-linear fea-
tures such as level-mixing. The bounds on bosons with
non-zero spin are more stringent due to the strength of
the instability. For spin-2 bosons future clarification on
the nature of the complete eigenmode spectrum will pro-
vide more accurate bounds [95, 102, 103]. Our results for
the current exclusion windows using the analytical results
discussed in Section II A for the instability rates, at the
68% confidence limit (see Table II for the 95% bounds)
as as follows. For spin-0 bosons:
3.8× 10−14 eV ≤µ0 ≤ 3.4× 10−11 eV , (38)
5.5× 10−20 eV ≤µ0 ≤ 1.3× 10−16 eV , (39)
2.5× 10−21 eV ≤µ0 ≤ 1.2× 10−20 eV . (40)
For spin-1 bosons:
6.2× 10−15 eV ≤µ1 ≤ 3.9× 10−11 eV , (41)
2.8× 10−22 eV ≤µ1 ≤ 1.9× 10−16 eV . (42)
For spin-2 bosons:
2.2× 10−14 eV ≤µ2 ≤ 2.8× 10−11 eV , (43)
1.8× 10−20 eV ≤µ2 ≤ 1.8× 10−16 eV , (44)
6.4× 10−22 eV ≤µ2 ≤ 7.7× 10−21 eV . (45)
Incorporated into these exclusion windows are recent
observations such as the event GW190521 and the
shadow of M87*, each extending the previous bounds in
Ref. [264]. It is also expected future detections (LISA
etc.) of IMBHs will bridge the current gaps, in the ex-
clusion windows above [290, 291]. We have also con-
sidered recent interesting observations of BHs sitting
above/below mass gaps in the BH mass spectrum which
could potentially offer interesting bounds for specific phe-
nomenological models. In particular superradiance can
be used to tighten possible window of allowed axion
masses in M-theory models, related to supporting the
visible section (Eq. 31). We have also explored limited
windows for the QCD axion and models of ultralight DM.
Our analysis has made several key assumptions for sim-
plicity. In particular the systematics of BH spin measure-
ments often lead to poor estimates for these quantities
where we have chosen to use a large number of BHs both
collectively and individually to place bounds on masses.
The most conservative bounds will come from an indi-
vidual assessment of these systems evolutionary features
such as their binary lifetime or accretion rates. It would
therefore be interesting to include more direct observa-
tions of these BH features into our calculations, see for
example Refs [114, 121]. It may also be possible vio-
lent events or specific dynamical features may disrupt the
evolution of the cloud in its recent history. To minimally
account for this somewhat we have given the individual
exclusion bounds for each BH for each type of boson for
three characteristic timescales in Appendix D 1.
If self-interactions or non-linear effects are to be ac-
counted for this may also effect the growth of the cloud,
such as those discussed in Section II B. These are natural
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Table IV. Mass and dimensionless spin parameter measure-
ments for a selection of X-ray binary systems. Both the mass
and spin values are quoted up to 1σ confidence unless oth-
erwise stated. For a review of stellar mass BHs from X-ray
sources see Refs. [292, 293].
X-Ray Binary M
(1)
BH[M] a
(1)
∗ Refs.
GRO J1655-40 6.30+0.5−0.5 0.7
+0.1
−0.1 [294]/[295]
GRS 1716-249 6.45+1.55−1.55 ≥ 0.92 [296]/[296]
A 0620-00 6.61+0.25−0.25 0.12
+0.19
−0.19 [297]/[298]
LMC X-3 6.98+0.56−0.56 0.25
+0.13
−0.16 [299]/[300]
XTE J1550-564 9.10+0.61−0.61 0.34
+0.37
−0.34 [301]/[302]
4U 1543-475 9.40+1.0−1.0 0.8
+0.1
−0.1 [303]/[304]
LMC X-1 10.91+1.41−1.41 0.92
+0.05
−0.07 [305]/[306]
GRS 1915+105 10.10+0.6−0.6 ≥ 0.95 [307]/[308]
GRS 1124-683 11.0+1.4−1.4 0.63
+0.16
−0.16 [309]/[310]
Cygnus X-1 14.80+1.0−1.0 ≥ 0.983 [311]/[312]
M33 X-7 15.65+1.45−1.45 0.84
+0.05
−0.05 [313]/[314]
extension to the work conducted here in order to place
bounds on individual systems and spin-2 fields in partic-
ular, along with other possibilities such as incorporating
a full numerical analysis etc. In Section III B we placed
bounds on the self-coupling strength of general spin-0
fields using our complete BH data set. We also displayed
the full bounds in the (fa, µ0) plane for recent observa-
tions of both the primary and secondary components of
GW190521 and M87* in Fig. 4.
For models containing more than one field, as is very
typical in string theory for example, strong exclusions
can occur if a single field is susceptible to the bounds
above. This can be used to place limits on the shapes
and mean scales of model spectra, as we demonstrated
using toy configurations in Section. IV. Very generally
in examples where bosonic masses follow statistical dis-
tributions independent of microscopic quantities we have
seen only a very small number of fields are required to
exclude spectra in a large portion of the ultralight param-
eter space. Development of the theoretical aspects sur-
rounding superradiant instabilities, partnered with the
enhanced observational reach and accuracy of future ex-
perimentation, presents a fascinating and dynamical sec-
tor for fundamental physics, with a strong possibility of
robust constraints on bosonic fields coming in the age of
GW and precision BH astronomy.
Appendix A: Black Hole Ensemble Data Set
In order to constrain bosonic masses we utilise a gener-
ous ensemble of both stellar mass and SMBHs with both
parameter estimations and error bounds for their masses
and spins. We factorise each into one of three groups ac-
cording to their mass or observational signature. Until re-
cently most measurements have been gathered using data
Table V. Mass and dimensionless spin parameters measure-
ments for each BBH merger detailed in both the O1 and
O2 runs for LIGO along with additional initial results from
the O3 run. The data from the O1/O2 runs is detailed in
Ref. [319]. The O3 run data (GW190412, GW190814 and
GW190521) can be found in Ref. [320], Ref. [30] and Ref. [321]
respectively.
Event M
(1)
BH[M] a
(1)
∗ M
(2)
BH[M] a
(2)
∗
GW150914 35.6+4.7−3.1 0.28
+0.57
−0.25 30.6
+3.0
−4.4 0.34
+0.53
−0.30
GW151012 23.2+14.9−5.5 0.33
+0.54
−0.29 13.6
+4.1
−4.8 0.45
+0.48
−0.40
GW151226 13.7+8.8−3.2 0.57
+0.36
−0.43 7.7
+2.2
−2.5 0.51
+0.44
−0.45
GW170104 30.8+7.3−5.6 0.34
+0.52
−0.30 20.0
+4.9
−4.6 0.43
+0.48
−0.38
GW170608 11.0+5.5−1.7 0.32
+0.50
−0.28 7.6
+1.4
−2.2 0.40
+0.52
−0.36
GW170729 50.2+16.2−10.2 0.69
+0.28
−0.55 34.0
+9.1
−10.1 0.55
+0.40
−0.49
GW170809 35.0+8.3−5.9 0.32
+0.53
−0.29 23.8
+5.1
−5.2 0.42
+0.50
−0.37
GW170814 30.6+5.6−3.0 0.40
+0.52
−0.36 25.2
+2.8
−4.0 0.42
+0.51
−0.37
GW170818 35.4+7.5−4.7 0.46
+0.48
−0.41 26.7
+4.3
−5.2 0.46
+0.47
−0.42
GW170823 39.5+11.2−6.7 0.42
+0.49
−0.37 29.0
+6.7
−7.8 0.45
+0.48
−0.40
GW190412 29.7+5.0−5.3 0.43
+0.16
−0.26 - -
GW190814 23.2+1.1−1.0 ≤ 0.07 - -
GW190521 85.0+21.0−14.0 0.69
+0.27
−0.62 66.0
+17.0
−18.0 0.73
+0.24
−0.64
from accretion observations in AGN or X-ray binary sys-
tems, taking advantage of well defined techniques such as
thermal continuum fitting [315] or X-ray reflection spec-
troscopy [293, 316, 317]. Mass and spin measurements of
known SMBHs residing in AGN are given in Table VI.
A selection of X-ray binary system [293, 318] measure-
ments for stellar mass sources, which generally have well
defined parameters due to their vicinity in the sky is given
in Table IV.
The new age of GW astronomy [24] has already pre-
sented us with substantial initial data from LIGOs first
three runs (O1/O2/O3). In Table V8 9 10we give the
current complete set of BBH merger events with deter-
mined mass and spin bound measurements. Observa-
tions of the inspiral, coalescence and ringdown of these
BBH systems are used to determine mass and spin esti-
mates of each of the primary and secondary components,
both before the merger event. Conservatively one can-
not generally make use of the remnant system measure-
ments as τObs  τSR but this can offer significance with
certain configurations [102]. Such events are often af-
fected by large errors, but do offer observed examples of
BH masses approaching [329, 330] and breaching [31, 32]
the limit [331, 332] arising from PISN and stellar forma-
tion theory [168–170]. Future experiments are expected
8 See Ref. [322, 323] for discussions of sources which have lower
probabilities they are astrophysical in origin but may give in-
dications of further events transcending the upper stellar mass
gap.
9 See Refs. [324, 325] for an alternative interpretation of this event
along with spin estimation for the secondary BH candidate.
10 See also Refs. [326–328] for possible events not considered in our
sample data set (GW170121, GW170304, GW170727).
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Table VI. Mass and dimensionless spin parameter measure-
ments for a selection of SMBHs. Mass values are quoted up
to 1σ confidence, with the spins quoted at the 90% confidence
level. For a review of AGN data see Refs. [316, 334, 335].
AGN M
(1)
BH[10
6M] a
(1)
∗ Refs.
Fairall 9 255.0+56.0−56.0 0.52
+0.19
−0.15 [336]/[337]
Mrk 79 52.40+14.40−14.40 0.70
+0.1
−0.1 [336]/[338]
NGC 3783 29.80+5.40−5.40 ≥ 0.98 [336]/[339]
Mrk 335 14.20+3.70−3.70 0.83
+0.09
−0.13 [336]/[236]
MCG-6-30-15 2.90+1.80−1.60 ≥ 0.98 [340]/[341]
Mrk 110 25.10+6.10−6.10 ≥ 0.89 [336]/[236]
NGC 7469 12.20+1.40−1.40 0.69
+0.09
−0.09 [336]/[342]
Ark 120 150.0+19.0−19.0 0.64
+0.19
−0.11 [336]/[236]
3C120 55.0+31.0−22.0 ≥ 0.95 [336]/[343]
ESO 362-G18 12.5+4.5−4.5 ≥ 0.92 [344]/[344]
H1821+643 4500.0+1500.0−1500.0 ≥ 0.4 [345]/[345]
NGC 4051 1.91+0.78−0.78 ≥ 0.99 [336]/[346]
NGC 4151 45.7+5.70−4.70 ≥ 0.9 [347]/[348]
M87* 6500.0+700.0−700.0 0.9
+0.1
−0.1 [37]/[257]
OJ 287 18348.0+7.92−7.92 0.381
+0.004
−0.004 [349]/[349]
UGC 06728 7.10+4.00−4.00 ≥ 0.7 [235]/[236]
to significantly reduce these uncertainties for individual
spin measurements [26, 333], whilst proving tighter con-
straints on the upper and lower mass limits for stellar
mass systems [331]. This along with a thorough under-
standing of the history and dynamics of these observa-
tions will significantly strengthen the ability to place ro-
bust bounds on ultralight bosons.
Appendix B: Signals in the Regge Plane
An additional non-linear component for isolated sys-
tems, to the presence of the bosenova discussed in Sec-
tion II B during the superradiant evolution of the bosonic
cloud is the possibility of perturbations and level mixing
[104, 121]. Assuming a hypothetical BH forms in an as-
trophysical process in the left panel of Fig. 3, with a
spin greater than the l = 2 (dashed orange line) but less
than l = m = 1 state Reggee trajectory (dashed blue
line) then the superradiance process for some fixed bo-
son mass will extract angular momentum from the BH
until it sits on the l = 2 line. At this point non-linear
self-interactions delay the exponential growth of the sub-
sequent l = 3 state, through perturbations of the l = 2
state and potential surrounding the BH, with modes not
satisfying the superradiance condition. This level mixing
effect must be quenched through boson-graviton annihi-
lations which deplete the cloud for the l = 2 state. This
timescale defines the time the BH spends on a Regge
tragectory,
τRegge '
√||ΓSR(l− 1/Γl+1SR |
NBoseΓann
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BHs = {GW151226(S),GW151226(P),GW190412(P),GW170729(S),
GW170729(P),GW190521(P),GW190521(S)}
BHs = {GROJ1655− 40,GRS1716− 249, 4U1543− 475,LMCX− 1,
GRS1915− 105,GRS1124− 683,CygnusX− 1,M33X− 7}
µ0 ' 1.5× 10−12 eV
µ0 ' 4.3× 10−12 eV
µ0 ' 8.4× 10−12 eV
Figure 6. Proability of BH data subsets aligning to Regge
trajectories as a function of a scalar boson mass. The blue
line represents the statistical probability a subset of binary
X-ray sources with spins a∗ > 0.5 indicate the presence of a
ultralight scalar boson at fixed mass. The orange line repre-
sents the statistical probability a subset of binary BH merger
sources with spins a∗ > ±amax∗ indicate the presence of a
ultralight scalar boson.
where NBose is defined in Eq. (9) and Γann represents the
annihilation rate of the bosons to gravitons (see Eq. (24)
of Ref. [123]). In the case of strongly interacting fields,
corresponding to lower values of fa, it is possible that
τRegge  τSR. Mapping a population of BHs stuck across
Regge trajectories therefore indicates to existence of a
massive boson.
To date the large statistical inaccuracies of BH spin
measurements leave it difficult to fit mass-spin data to
the superradiance condition boundaries (Eq. (4)) for each
mode which may signal the presence of massive bososnic
fields as opposed to an exclusion. In Ref. [158] the au-
thors consider the likelihood of X-ray binary BH systems
stuck on Regge trajectories through a χ2 analysis for the
bosonic masses required to fit the BH data. We can define
the probability that each BH currently sits on its closest
Regge trajectory for a fixed boson mass, as the maxi-
mal probability a BH can deviate in the Regge plane to
one of the superradiance condition boundaries (Eq. (4))
defined by a characteristic evolutionary timescale. This
defines the BH set probability that each BH sits on a
regge trajectory as,
PBoson(M|{BHs}) =
∏
i
PRegge(M|BHi) , (B2)
where
∏
i PRegge(M|BHi) represents the probability the
ith BH sits on one of the Regge trajectories of a given
model of exclusion isocontours defined by a model, M.
The value of PBoson(M|{BHs}) represents the normalised
cumulative probability the data set aligns to the superra-
diance condition boundaries and therefore the presence
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of a bosonic field at a particular mass. To give an indica-
tion of a possible signal in the Regge plane which might
best fit current measurements we select two toy subsets
of BHs from both X-ray binary sources and LIGO merger
data. For X-ray binaries found in Table IV we select the
subset where all BHs possess spins, a∗ > 0.5 to enhance
the likelihood each BH is susceptible to superradiance.
Similarly for GW merger data we do the same by select-
ing BHs with spin measurements larger than the maxi-
mal uncertainty in the spin, a∗ > ±amax∗ . The results
of evaluating these two examples using Eq. (B2) are pre-
sented in Fig. 6. For X-ray binary data we find peaks
at both µ0 ' 4.3 × 10−12 and at µ0 ' 8.4 × 10−12 the
level Pax(M|{BHs}) ∼ O(10−8). For the GW merger
data we find a peak at µ0 ' 4.3 × 10−12 at the level
Pax(M|{BHs}) ∼ O(10−16).
The low values of PBoson(M|{BHs}) are indicative of
the large systematics in BH parameter measurements
whilst also not accounting for errors in analytical approx-
imations used etc. Only significantly enhanced accuracy
of BH measurements for a significantly larger number
of events whilst incorporating all BH measurements will
provide statistical clarity in this area and offers an inter-
esting area to conduct a far more detailed analysis in the
future.
Appendix C: Multifield Phenomenology and Toy
Model Measures
To sample a spectrum of dimensionful quantities we as-
sociated their probability density functions to an operand
measure determined by the limiting spectral statistics
of a chosen general convariance matrix ensemble of the
form, Xij = N
−1YikΣcovY∗kj , where Σcov is the pop-
ulation covariance matrix of the ensemble. Our choice
of entries for the N × P matrix, Yik fixes the nature of
the spectrum of the N × N matrix Xij . For any Borel
probability measure (denoted ξ) defined over the real in-
terval, ξ ∈ [0,∞), we can express its Lebesgue decompo-
sition as ξ = ξac + ξpm + ξsc [350, 351]. The linearised
terms, ξac, ξpm and ξsc represent the absolutely continu-
ous, point mass and singular continuous components of
the probability measure respectively. Our choice of ma-
trix ensemble rejects the need to consider ξsc. Strong
correlated signals and non-maximal rank perturbation
operations are associated to spiked outlier eigenvalues
[352], the location of which is represented by the per-
turbed point mass measure, ξpm (see Section III C 3 of
Ref. [266]. Likewise if β > 1 we find N−P measures ξpm
located at zero, weighted by (1 − β). If however we as-
sume isometric covariance (Σcov ∝ I) and fix the upper
bound β < 1, then the limiting eigenvalue distribution
is an unimodal analytic function determined by the lim-
iting laws for matrices residing in the Wishart-laguerre
ensemble. This pillar result of RMT we can assign to a
spectrum of model parameters is the MarcˇhenkoPastur
distribution [353],
PMP(λ) = (1− β)δ0 + 1
2piβλµ¯2
√
(λ+ − λ)(λ− λ−) ,
(C1)
where λ+ and λ− represent the spectral support supre-
mum and infimum respectively. See Refs. [161, 266] for
more detailed discussions on these models.
1. Bosonic Fields of Spin-0
The general case of a multi-field spin-0 effective field
theory is represented by a two derivative action of the
form,
LALPeff = −Kij(θ)∂µθi∂µθj − V (θi) , (C2)
defining the field basis formed by the orthogonal periods
of the discrete shift symmetries of the N scalar fields [281,
354]. The term Kij = fai fja represents a positive-definite
field space metric, whose eigenvalues determine the decay
constants fa, of the theory. A general multi-field poten-
tial takes the form, V (θi) =
∑Ninst
i=1
∑Nax
j=1 ΛiUi(Qj,iθj +
δi), where U is a general periodic instanton potential with
charge matrix Q and phases, δ. When expanding this ex-
pression about its minimum and performing a canonical
normalisation (φj ≡ f ja,iθi) through a field space redefi-
nition, we define the mass eigenstate sample basis,
LALPeff = −
1
2
δij∂µφ
i∂µφj − 1
2
φiMijφj . (C3)
For a simple parametric axion field theory, our choice
to either sample both of the axions dimensionful quanti-
ties (Eq. (C2)) or just the field masses appearing in the
counter term of (Eq. (C3)), defines the number of free
hyperparemters of our statistical RMT model. Ensuring
that βM ≤ 1 determines no ξpm at zero in our limiting
probability measure, loosely associated to the physical
understanding each field in the spectrum acquires a mass
generated from instanton effects (P ≥ N ≡ Ninst ≥ Nax).
For example beginning in the basis in Eq. (C2 defines the
simple model hypervector, ζ = [µ¯K, βK, µ¯M, βM], repre-
senting a series of terms which fix the spectral mean (µ¯)
and extrema (β) for both the decay constants and masses.
This is simply ζ = [µ¯M, βM] if we begin in the basis of
Eq. (C3) as we do for the examples in Section IV. In this
case the absolvement of the decay constants moving to
the mass eigenstate basis (Eq. (C3)) acts as a pertruba-
tive matrix operation, where free-probability ensures the
traceability of the limiting spectrum of the masses. If
both the kinetic matrix and mass matrix are initially con-
structed as white-Wishart matrices (Σcov = I and Gaus-
sian matrix entries with zero mean etc.) then the limiting
mass spectrum takes the form of the operand measure of
a matrix distributed according to a scaled matrix-F func-
tion [355–359]. See Ref. [360] for the limiting eigenvalue
distribution of this ensemble.
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2. Bosonic Fields of Spin-1
For fields of spin-1 the simplest multi-field generalisa-
tion of Proca theory concerns a repeated set of Abelian
global symmetries, U(1)NVec . At the linear level of the
theory the interacting case of massive spin-1 fields is un-
derstood via the canonical Proca action with an argu-
ment of the form L4DVec = LNVeckin − LNVecInt , which in the
quadratic limit takes form,
LVeceff = −
1
4
NVec∑
i=1
F(i),µνF
(i),µν − 1
2
∑
α,β
AαµMαβAβνηµν ,
(C4)
where F iµν = ∂µA
α − ∂νAαµ are Maxwell tensors running
over the indices α = 1, . . . ,NVec. Aside from the
respective gauge invariances, the fields are globally
invariant under concruence rotations in field space,
Aαµ → A¯αµ = UαβAβµ. This ensures the freedom to work in
a basis where we can trivially define the mass eigenstates
of the gauge fields via the rotational invariance of LNVeckin
in Eq. (C4). Assuming the rank of Mαβ is maximal in
its eigendecomposition basis (i.e. all directions in field
space interact through the respective mass terms) the
theory is then defined with 3Nvec polarisations in the
four-spacetime dimensions of the effective field theory.
When Mαβ is singular with multiplicity of order the
magnitude of its rank deficiency, r, the theory contains
Nvec − r massless spin-2 fields from the independent
U(1)Nvec−r symmetries which remain. Much like the
scalar case of massive axions entering the particle spec-
trum we can ensure that Mαβ is non-singular through
the values βM ≤ 1 in order to model a simple picture
of the spectrum of NVec spin-1 fields. using the spectral
parameter βM in this example to regulate the nature of
the spectrum, a number of point mass measures appear
at zero-bosonic mass when βM > 1.
Appendix D: Total Bounds Results
Here we present the extended bounds from the re-
sults given in Section III for each BH hole found in Ap-
pendix A. For the free-field limit bounds (Section II A) we
calculate the exclusion regions utilising the three insta-
bility timescales discussed in Section II, τBH ≡ τSEdd =
4.5 × 106 yrs, τBH ≡ τSal = 4.5 × 107 yrs and τBH ≡
τHub = 1 × 1010 yrs. For the interacting limit we quote
the self-interaction limits for each BH in Appendix A
1. Free-field domain extended results
The extended free-field domain bounds for spin-0, -1
and -2 fields for each BH are:
Table VII: Bosonic field mass bounds from the stellar mass X-ray sources defined in Table IV quoted at the 68% confidence
limit. calculated using the analytical instability rates detailed in Section II A 1 (spin-0), Section II A 2 (spin-1) and Section II A 3
(spin-2). For each BH we calculate the exclusion bounds using the timescales τSEdd, τSal and τHub, denoted by the E, S and H
labels respectfully. Entries containing ‘−’ represent configurations where the bounds from superradiance were below the 68%
confidence interval.
Black Hole τSR Spin-0 Spin-1 Spin-2
GRO J1655-40
E
S
H
3.1× 10−13eV ≤ µ0 ≤ 1.6× 10−11eV
2.3× 10−13eV ≤ µ0 ≤ 1.6× 10−11eV
1.3× 10−13eV ≤ µ0 ≤ 1.9× 10−11eV
4.8× 10−14eV ≤ µ1 ≤ 1.6× 10−11eV
3.5× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
1.8× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
1.7× 10−13eV ≤ µ2 ≤ 1.6× 10−11eV
1.3× 10−13eV ≤ µ2 ≤ 1.6× 10−11eV
7.5× 10−14eV ≤ µ2 ≤ 1.6× 10−11eV
GRS 1716-249
E
S
H
3.0× 10−13eV ≤ µ0 ≤ 1.8× 10−11eV
2.3× 10−13eV ≤ µ0 ≤ 1.8× 10−11eV
1.3× 10−13eV ≤ µ0 ≤ 1.8× 10−11eV
3.0× 10−14eV ≤ µ1 ≤ 7.5× 10−12eV
2.3× 10−14eV ≤ µ1 ≤ 7.5× 10−12eV
1.2× 10−14eV ≤ µ1 ≤ 9.4× 10−12eV
1.1× 10−13eV ≤ µ2 ≤ 7.5× 10−12eV
8.4× 10−14eV ≤ µ2 ≤ 7.5× 10−12eV
4.8× 10−14eV ≤ µ2 ≤ 7.5× 10−12eV
A 0620-00
E
S
H
−
−
−
7.5× 10−14eV ≤ µ1 ≤ 1.6× 10−13eV
5.3× 10−14eV ≤ µ1 ≤ 1.6× 10−13eV
2.6× 10−14eV ≤ µ1 ≤ 1.6× 10−13eV
−
2.2× 10−13eV ≤ µ2 ≤ 3.1× 10−13eV
1.1× 10−13eV ≤ µ2 ≤ 3.1× 10−13eV
LMC X-3
E
S
H
3.3× 10−13eV ≤ µ0 ≤ 8.7× 10−13eV
2.6× 10−13eV ≤ µ0 ≤ 8.7× 10−13eV
1.4× 10−13eV ≤ µ0 ≤ 1.7× 10−12eV
5.3× 10−14eV ≤ µ1 ≤ 1.7× 10−12eV
3.9× 10−14eV ≤ µ1 ≤ 1.7× 10−12eV
2.2× 10−14eV ≤ µ1 ≤ 1.7× 10−12eV
2.0× 10−13eV ≤ µ2 ≤ 2.5× 10−12eV
1.5× 10−13eV ≤ µ2 ≤ 2.5× 10−12eV
8.8× 10−14eV ≤ µ2 ≤ 2.5× 10−12eV
XTE J1550-564
E
S
H
2.7× 10−13eV ≤ µ0 ≤ 6.4× 10−13eV
2.0× 10−13eV ≤ µ0 ≤ 6.4× 10−13eV
1.1× 10−13eV ≤ µ0 ≤ 1.2× 10−12eV
4.1× 10−14eV ≤ µ1 ≤ 1.2× 10−12eV
3.0× 10−14eV ≤ µ1 ≤ 1.2× 10−12eV
1.7× 10−14eV ≤ µ1 ≤ 1.2× 10−12eV
1.6× 10−13eV ≤ µ2 ≤ 1.9× 10−12eV
1.3× 10−13eV ≤ µ2 ≤ 1.9× 10−12eV
6.8× 10−14eV ≤ µ2 ≤ 1.9× 10−12eV
4U 1543-475
E
S
H
2.1× 10−13eV ≤ µ0 ≤ 1.3× 10−11eV
1.6× 10−13eV ≤ µ0 ≤ 1.7× 10−11eV
9.2× 10−14eV ≤ µ0 ≤ 1.7× 10−11eV
3.3× 10−14eV ≤ µ1 ≤ 1.7× 10−11eV
2.5× 10−14eV ≤ µ1 ≤ 1.7× 10−11eV
1.2× 10−14eV ≤ µ1 ≤ 1.6× 10−11eV
1.2× 10−13eV ≤ µ2 ≤ 1.3× 10−11eV
9.2× 10−14eV ≤ µ2 ≤ 1.3× 10−11eV
5.3× 10−14eV ≤ µ2 ≤ 1.3× 10−11eV
LMC X-1
E
S
H
1.9× 10−13eV ≤ µ0 ≤ 1.9× 10−11eV
1.4× 10−13eV ≤ µ0 ≤ 1.9× 10−11eV
7.9× 10−14eV ≤ µ0 ≤ 1.9× 10−11eV
2.9× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
2.1× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
1.0× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
1.0× 10−13eV ≤ µ2 ≤ 1.5× 10−11eV
7.9× 10−14eV ≤ µ2 ≤ 1.5× 10−11eV
4.3× 10−14eV ≤ µ2 ≤ 1.5× 10−11eV
GRS 1915+105
E
S
H
1.9× 10−13eV ≤ µ0 ≤ 2.2× 10−11eV
1.5× 10−13eV ≤ µ0 ≤ 2.2× 10−11eV
8.4× 10−14eV ≤ µ0 ≤ 2.2× 10−11eV
3.0× 10−14eV ≤ µ1 ≤ 2.4× 10−11eV
2.1× 10−14eV ≤ µ1 ≤ 2.4× 10−11eV
9.9× 10−15eV ≤ µ1 ≤ 2.4× 10−11eV
1.0× 10−13eV ≤ µ2 ≤ 1.8× 10−11eV
7.9× 10−14eV ≤ µ2 ≤ 1.8× 10−11eV
4.5× 10−14eV ≤ µ2 ≤ 1.8× 10−11eV
( To be continued)
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Black Hole τSR Spin-0 Spin-1 Spin-2
GRS 1124-683
E
S
H
1.9× 10−13eV ≤ µ0 ≤ 5.4× 10−12eV
1.5× 10−13eV ≤ µ0 ≤ 7.1× 10−12eV
8.0× 10−14eV ≤ µ0 ≤ 7.5× 10−12eV
3.0× 10−14eV ≤ µ1 ≤ 7.5× 10−12eV
2.3× 10−14eV ≤ µ1 ≤ 7.5× 10−12eV
1.2× 10−14eV ≤ µ1 ≤ 9.4× 10−12eV
1.1× 10−13eV ≤ µ2 ≤ 7.5× 10−12eV
8.4× 10−14eV ≤ µ2 ≤ 7.5× 10−12eV
4.8× 10−14eV ≤ µ2 ≤ 7.5× 10−12eV
Cygnus X-1
E
S
H
1.4× 10−13eV ≤ µ0 ≤ 1.8× 10−11eV
1.0× 10−13eV ≤ µ0 ≤ 1.8× 10−11eV
5.8× 10−14eV ≤ µ0 ≤ 1.8× 10−11eV
2.1× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
1.6× 10−14eV ≤ µ1 ≤ 2.0× 10−11eV
6.9× 10−15eV ≤ µ1 ≤ 2.0× 10−11eV
7.5× 10−14eV ≤ µ2 ≤ 1.5× 10−11eV
5.8× 10−14eV ≤ µ2 ≤ 1.5× 10−11eV
3.2× 10−14eV ≤ µ2 ≤ 1.5× 10−11eV
M33 X-7
E
S
H
1.3× 10−13eV ≤ µ0 ≤ 1.1× 10−11eV
1.0× 10−13eV ≤ µ0 ≤ 1.1× 10−11eV
5.6× 10−14eV ≤ µ0 ≤ 1.1× 10−11eV
2.1× 10−14eV ≤ µ1 ≤ 1.2× 10−11eV
1.6× 10−14eV ≤ µ1 ≤ 1.2× 10−11eV
7.6× 10−15eV ≤ µ1 ≤ 1.2× 10−11eV
7.5× 10−14eV ≤ µ2 ≤ 9.0× 10−12eV
5.8× 10−14eV ≤ µ2 ≤ 9.0× 10−12eV
3.2× 10−14eV ≤ µ2 ≤ 9.0× 10−12eV
Total
E
S
H
1.3× 10−13eV ≤ µ0 ≤ 3.2× 10−11eV
9.9× 10−14eV ≤ µ0 ≤ 3.2× 10−11eV
5.4× 10−14eV ≤ µ0 ≤ 3.3× 10−11eV
2.0× 10−14eV ≤ µ1 ≤ 3.7× 10−11eV
1.4× 10−14eV ≤ µ1 ≤ 3.7× 10−11eV
6.9× 10−15eV ≤ µ1 ≤ 3.7× 10−11eV
6.9× 10−14eV ≤ µ2 ≤ 2.6× 10−11eV
5.4× 10−14eV ≤ µ2 ≤ 2.6× 10−11eV
3.0× 10−14eV ≤ µ2 ≤ 2.6× 10−11eV
Table VIII: Bosonic field mass bounds from the stellar mass X-ray sources defined in Table V quoted at the 68% confidence
limit. calculated using the analytical instability rates detailed in Section II A 1 (spin-0), Section II A 2 (spin-1) and Section II A 3
(spin-2). For each BH we calculate the exclusion bounds using the timescales τSEdd, τSal and τHub, denoted by the E, S and H
labels respectfully. Entries containing ‘−’ represent configurations where the bounds from superradiance were below the 68%
confidence interval.
Black Hole τSR Spin-0 Spin-1 Spin-2
GW150914 (1)
E
S
H
−
−
−
−
−
7.3× 10−15eV ≤ µ1 ≤ 1.3× 10−14eV
−
−
−
GW150914 (2)
E
S
H
−
8.4× 10−14eV ≤ µ0 ≤ 9.7× 10−14eV
4.1× 10−14eV ≤ µ0 ≤ 1.0× 10−13eV
1.6× 10−14eV ≤ µ1 ≤ 1.0× 10−13eV
1.1× 10−14eV ≤ µ1 ≤ 1.0× 10−13eV
5.9× 10−15eV ≤ µ1 ≤ 2.1× 10−13eV
5.8× 10−14eV ≤ µ2 ≤ 2.1× 10−13eV
4.5× 10−14eV ≤ µ2 ≤ 2.1× 10−13eV
2.5× 10−14eV ≤ µ2 ≤ 3.0× 10−13eV
GW151012 (1)
E
S
H
−
−
5.6× 10−14eV ≤ µ0 ≤ 1.1× 10−13eV
2.1× 10−14eV ≤ µ1 ≤ 1.1× 10−13eV
1.6× 10−14eV ≤ µ1 ≤ 1.1× 10−13eV
8.0× 10−15eV ≤ µ1 ≤ 2.2× 10−13eV
7.9× 10−14eV ≤ µ2 ≤ 2.2× 10−13eV
6.2× 10−14eV ≤ µ2 ≤ 2.2× 10−13eV
3.3× 10−14eV ≤ µ2 ≤ 2.2× 10−13eV
GW151012 (2)
E
S
H
1.8× 10−13eV ≤ µ0 ≤ 5.5× 10−13eV
1.4× 10−13eV ≤ µ0 ≤ 1.1× 10−12eV
7.5× 10−14eV ≤ µ0 ≤ 1.1× 10−12eV
2.9× 10−14eV ≤ µ1 ≤ 1.1× 10−12eV
2.1× 10−14eV ≤ µ1 ≤ 1.1× 10−12eV
1.2× 10−14eV ≤ µ1 ≤ 1.7× 10−12eV
1.1× 10−13eV ≤ µ2 ≤ 1.7× 10−12eV
8.4× 10−14eV ≤ µ2 ≤ 1.7× 10−12eV
4.8× 10−14eV ≤ µ2 ≤ 2.3× 10−12eV
GW151226 (1)
E
S
H
1.8× 10−13eV ≤ µ0 ≤ 1.8× 10−12eV
1.3× 10−13eV ≤ µ0 ≤ 1.8× 10−12eV
7.5× 10−14eV ≤ µ0 ≤ 2.7× 10−12eV
2.7× 10−14eV ≤ µ1 ≤ 2.7× 10−12eV
2.1× 10−14eV ≤ µ1 ≤ 2.7× 10−12eV
1.2× 10−14eV ≤ µ1 ≤ 3.6× 10−12eV
1.1× 10−13eV ≤ µ2 ≤ 3.6× 10−12eV
8.4× 10−14eV ≤ µ2 ≤ 3.6× 10−12eV
4.5× 10−14eV ≤ µ2 ≤ 3.6× 10−12eV
GW151226 (2)
E
S
H
3.0× 10−13eV ≤ µ0 ≤ 2.7× 10−12eV
2.2× 10−13eV ≤ µ0 ≤ 2.7× 10−12eV
1.2× 10−13eV ≤ µ0 ≤ 4.0× 10−12eV
4.5× 10−14eV ≤ µ1 ≤ 4.0× 10−12eV
3.5× 10−14eV ≤ µ1 ≤ 4.0× 10−12eV
2.0× 10−14eV ≤ µ1 ≤ 4.1× 10−12eV
1.7× 10−13eV ≤ µ2 ≤ 5.4× 10−12eV
1.3× 10−13eV ≤ µ2 ≤ 5.4× 10−12eV
7.2× 10−14eV ≤ µ2 ≤ 5.4× 10−12eV
GW170104 (1)
E
S
H
−
7.9× 10−14eV ≤ µ0 ≤ 1.0× 10−13eV
4.1× 10−14eV ≤ µ0 ≤ 1.1× 10−13eV
1.6× 10−14eV ≤ µ1 ≤ 1.1× 10−13eV
1.1× 10−14eV ≤ µ1 ≤ 1.1× 10−13eV
5.9× 10−15eV ≤ µ1 ≤ 2.1× 10−13eV
5.8× 10−14eV ≤ µ2 ≤ 2.1× 10−13eV
4.5× 10−14eV ≤ µ2 ≤ 2.1× 10−13eV
2.5× 10−14eV ≤ µ2 ≤ 3.1× 10−13eV
GW170104 (2)
E
S
H
1.3× 10−13eV ≤ µ0 ≤ 3.5× 10−13eV
9.7× 10−14eV ≤ µ0 ≤ 3.5× 10−13eV
5.3× 10−14eV ≤ µ0 ≤ 7.1× 10−13eV
2.1× 10−14eV ≤ µ1 ≤ 7.1× 10−13eV
1.5× 10−14eV ≤ µ1 ≤ 7.1× 10−13eV
8.5× 10−15eV ≤ µ1 ≤ 1.1× 10−12eV
7.9× 10−14eV ≤ µ2 ≤ 1.1× 10−12eV
6.2× 10−14eV ≤ µ2 ≤ 1.1× 10−12eV
3.3× 10−14eV ≤ µ2 ≤ 1.4× 10−12eV
GW170608 (1)
E
S
H
−
2.1× 10−13eV ≤ µ0 ≤ 2.6× 10−13eV
1.1× 10−13eV ≤ µ0 ≤ 2.7× 10−13eV
3.9× 10−14eV ≤ µ1 ≤ 2.7× 10−13eV
2.9× 10−14eV ≤ µ1 ≤ 2.7× 10−13eV
1.5× 10−14eV ≤ µ1 ≤ 5.4× 10−13eV
1.5× 10−13eV ≤ µ2 ≤ 5.2× 10−13eV
1.2× 10−13eV ≤ µ2 ≤ 5.2× 10−13eV
6.4× 10−14eV ≤ µ2 ≤ 7.8× 10−13eV
GW170608 (2)
E
S
H
3.1× 10−13eV ≤ µ0 ≤ 7.1× 10−13eV
2.4× 10−13eV ≤ µ0 ≤ 7.1× 10−13eV
1.3× 10−13eV ≤ µ0 ≤ 1.4× 10−12eV
5.0× 10−14eV ≤ µ1 ≤ 1.4× 10−12eV
3.7× 10−14eV ≤ µ1 ≤ 1.4× 10−12eV
2.1× 10−14eV ≤ µ1 ≤ 1.4× 10−12eV
1.9× 10−13eV ≤ µ2 ≤ 2.1× 10−12eV
1.5× 10−13eV ≤ µ2 ≤ 2.1× 10−12eV
8.4× 10−14eV ≤ µ2 ≤ 2.1× 10−12eV
GW170729 (1)
E
S
H
5.3× 10−14eV ≤ µ0 ≤ 6.1× 10−13eV
4.1× 10−14eV ≤ µ0 ≤ 9.1× 10−13eV
2.2× 10−14eV ≤ µ0 ≤ 9.1× 10−13eV
8.5× 10−15eV ≤ µ1 ≤ 9.1× 10−13eV
6.6× 10−15eV ≤ µ1 ≤ 9.1× 10−13eV
3.4× 10−15eV ≤ µ1 ≤ 1.2× 10−12eV
3.2× 10−14eV ≤ µ2 ≤ 1.2× 10−12eV
2.5× 10−14eV ≤ µ2 ≤ 1.2× 10−12eV
1.3× 10−14eV ≤ µ2 ≤ 1.2× 10−12eV
GW170729 (2)
E
S
H
7.5× 10−14eV ≤ µ0 ≤ 6.4× 10−13eV
5.8× 10−14eV ≤ µ0 ≤ 6.4× 10−13eV
3.2× 10−14eV ≤ µ0 ≤ 9.6× 10−13eV
1.2× 10−14eV ≤ µ1 ≤ 6.7× 10−13eV
9.4× 10−15eV ≤ µ1 ≤ 9.6× 10−13eV
5.1× 10−15eV ≤ µ1 ≤ 1.0× 10−12eV
4.5× 10−14eV ≤ µ2 ≤ 1.2× 10−12eV
3.5× 10−14eV ≤ µ2 ≤ 1.3× 10−12eV
1.9× 10−14eV ≤ µ2 ≤ 1.3× 10−12eV
GW170809 (1)
E
S
H
−
−
3.9× 10−14eV ≤ µ0 ≤ 6.8× 10−14eV
1.5× 10−14eV ≤ µ1 ≤ 7.2× 10−14eV
1.1× 10−14eV ≤ µ1 ≤ 7.2× 10−14eV
5.4× 10−15eV ≤ µ1 ≤ 7.2× 10−14eV
5.6× 10−14eV ≤ µ2 ≤ 1.4× 10−13eV
4.3× 10−14eV ≤ µ2 ≤ 1.4× 10−13eV
2.3× 10−14eV ≤ µ2 ≤ 1.4× 10−13eV
GW170809 (2)
E
S
H
1.1× 10−13eV ≤ µ0 ≤ 2.7× 10−13eV
8.4× 10−14eV ≤ µ0 ≤ 2.7× 10−13eV
4.8× 10−14eV ≤ µ0 ≤ 5.2× 10−13eV
1.8× 10−14eV ≤ µ1 ≤ 5.2× 10−13eV
1.3× 10−14eV ≤ µ1 ≤ 5.5× 10−13eV
7.3× 10−15eV ≤ µ1 ≤ 5.2× 10−13eV
6.8× 10−14eV ≤ µ2 ≤ 7.8× 10−13eV
5.3× 10−14eV ≤ µ2 ≤ 7.8× 10−13eV
2.9× 10−14eV ≤ µ2 ≤ 8.1× 10−13eV
( To be continued)
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Black Hole τSR Spin-0 Spin-1 Spin-2
GW170814 (1)
E
S
H
9.2× 10−14eV ≤ µ0 ≤ 1.8× 10−13eV
6.8× 10−14eV ≤ µ0 ≤ 1.8× 10−13eV
3.7× 10−14eV ≤ µ0 ≤ 3.3× 10−13eV
1.5× 10−14eV ≤ µ1 ≤ 3.5× 10−13eV
1.1× 10−14eV ≤ µ1 ≤ 3.5× 10−13eV
5.9× 10−15eV ≤ µ1 ≤ 3.5× 10−13eV
5.6× 10−14eV ≤ µ2 ≤ 5.2× 10−13eV
4.3× 10−14eV ≤ µ2 ≤ 5.2× 10−13eV
2.3× 10−14eV ≤ µ2 ≤ 5.2× 10−13eV
GW170814 (2)
E
S
H
1.1× 10−13eV ≤ µ0 ≤ 2.4× 10−13eV
7.9× 10−14eV ≤ µ0 ≤ 2.4× 10−13eV
4.3× 10−14eV ≤ µ0 ≤ 5.0× 10−13eV
1.7× 10−14eV ≤ µ1 ≤ 5.0× 10−13eV
1.3× 10−14eV ≤ µ1 ≤ 5.0× 10−13eV
6.9× 10−15eV ≤ µ1 ≤ 5.0× 10−13eV
6.5× 10−14eV ≤ µ2 ≤ 7.4× 10−13eV
5.0× 10−14eV ≤ µ2 ≤ 7.4× 10−13eV
2.7× 10−14eV ≤ µ2 ≤ 7.4× 10−13eV
GW170818 (1)
E
S
H
7.5× 10−14eV ≤ µ0 ≤ 2.3× 10−13eV
5.8× 10−14eV ≤ µ0 ≤ 4.5× 10−13eV
3.2× 10−14eV ≤ µ0 ≤ 4.5× 10−13eV
1.2× 10−14eV ≤ µ1 ≤ 4.5× 10−13eV
8.9× 10−15eV ≤ µ1 ≤ 4.5× 10−13eV
5.1× 10−15eV ≤ µ1 ≤ 6.7× 10−13eV
4.5× 10−14eV ≤ µ2 ≤ 6.7× 10−13eV
3.5× 10−14eV ≤ µ2 ≤ 6.7× 10−13eV
1.9× 10−14eV ≤ µ2 ≤ 9.3× 10−13eV
GW170818 (2)
E
S
H
9.7× 10−14eV ≤ µ0 ≤ 3.1× 10−13eV
7.5× 10−14eV ≤ µ0 ≤ 6.1× 10−13eV
4.1× 10−14eV ≤ µ0 ≤ 6.1× 10−13eV
1.6× 10−14eV ≤ µ1 ≤ 6.1× 10−13eV
1.1× 10−14eV ≤ µ1 ≤ 6.1× 10−13eV
6.6× 10−15eV ≤ µ1 ≤ 9.1× 10−13eV
5.8× 10−14eV ≤ µ2 ≤ 9.1× 10−13eV
4.5× 10−14eV ≤ µ2 ≤ 9.1× 10−13eV
2.5× 10−14eV ≤ µ2 ≤ 1.2× 10−12eV
GW170823 (1)
E
S
H
7.2× 10−14eV ≤ µ0 ≤ 1.6× 10−13eV
5.6× 10−14eV ≤ µ0 ≤ 1.6× 10−13eV
3.0× 10−14eV ≤ µ0 ≤ 3.3× 10−13eV
1.2× 10−14eV ≤ µ1 ≤ 3.3× 10−13eV
8.5× 10−15eV ≤ µ1 ≤ 3.3× 10−13eV
4.6× 10−15eV ≤ µ1 ≤ 3.3× 10−13eV
4.3× 10−14eV ≤ µ2 ≤ 5.0× 10−13eV
3.3× 10−14eV ≤ µ2 ≤ 5.0× 10−13eV
1.9× 10−14eV ≤ µ2 ≤ 5.0× 10−13eV
GW170823 (2)
E
S
H
9.2× 10−14eV ≤ µ0 ≤ 2.7× 10−13eV
6.8× 10−14eV ≤ µ0 ≤ 2.7× 10−13eV
3.9× 10−14eV ≤ µ0 ≤ 5.2× 10−13eV
1.5× 10−14eV ≤ µ1 ≤ 5.2× 10−13eV
1.1× 10−14eV ≤ µ1 ≤ 5.2× 10−13eV
5.9× 10−15eV ≤ µ1 ≤ 7.8× 10−13eV
5.6× 10−14eV ≤ µ2 ≤ 7.8× 10−13eV
4.3× 10−14eV ≤ µ2 ≤ 7.8× 10−13eV
2.3× 10−14eV ≤ µ2 ≤ 1.1× 10−12eV
GW190412 (1)
E
S
H
8.8× 10−14eV ≤ µ0 ≤ 7.1× 10−13eV
6.5× 10−14eV ≤ µ0 ≤ 7.1× 10−13eV
3.7× 10−14eV ≤ µ0 ≤ 1.1× 10−12eV
1.4× 10−14eV ≤ µ1 ≤ 7.1× 10−13eV
1.0× 10−14eV ≤ µ1 ≤ 1.1× 10−12eV
5.6× 10−15eV ≤ µ1 ≤ 1.1× 10−12eV
5.3× 10−14eV ≤ µ2 ≤ 1.1× 10−12eV
3.9× 10−14eV ≤ µ2 ≤ 1.4× 10−12eV
2.2× 10−14eV ≤ µ2 ≤ 1.4× 10−12eV
GW190814 (1)
E
S
H
−
−
−
2.5× 10−14eV ≤ µ1 ≤ 5.6× 10−14eV
1.7× 10−14eV ≤ µ1 ≤ 5.6× 10−14eV
8.0× 10−15eV ≤ µ1 ≤ 5.6× 10−14eV
−
7.2× 10−14eV ≤ µ2 ≤ 1.1× 10−13eV
3.7× 10−14eV ≤ µ2 ≤ 1.1× 10−13eV
GW190521 (1)
E
S
H
3.2× 10−14eV ≤ µ0 ≤ 3.3× 10−13eV
2.6× 10−14eV ≤ µ0 ≤ 3.3× 10−13eV
1.4× 10−14eV ≤ µ0 ≤ 4.9× 10−13eV
5.3× 10−15eV ≤ µ1 ≤ 4.9× 10−13eV
4.0× 10−15eV ≤ µ1 ≤ 4.9× 10−13eV
2.1× 10−15eV ≤ µ1 ≤ 6.5× 10−13eV
1.9× 10−14eV ≤ µ2 ≤ 6.5× 10−13eV
1.5× 10−14eV ≤ µ2 ≤ 6.5× 10−13eV
8.0× 10−15eV ≤ µ2 ≤ 6.5× 10−13eV
GW190521 (2)
E
S
H
4.1× 10−14eV ≤ µ0 ≤ 4.5× 10−13eV
3.1× 10−14eV ≤ µ0 ≤ 6.8× 10−13eV
1.7× 10−14eV ≤ µ0 ≤ 6.8× 10−13eV
6.7× 10−15eV ≤ µ1 ≤ 6.8× 10−13eV
5.1× 10−15eV ≤ µ1 ≤ 6.8× 10−13eV
2.7× 10−15eV ≤ µ1 ≤ 9.4× 10−13eV
2.4× 10−14eV ≤ µ2 ≤ 9.4× 10−13eV
1.8× 10−14eV ≤ µ2 ≤ 9.4× 10−13eV
1.0× 10−14eV ≤ µ2 ≤ 9.4× 10−13eV
Total
E
S
H
3.1× 10−14eV ≤ µ0 ≤ 2.1× 10−11eV
2.3× 10−14eV ≤ µ0 ≤ 2.1× 10−11eV
1.3× 10−14eV ≤ µ0 ≤ 2.1× 10−11eV
5.21× 10−15eV ≤ µ1 ≤ 2.2× 10−11eV
3.8× 10−15eV ≤ µ1 ≤ 2.2× 10−11eV
1.8× 10−15eV ≤ µ1 ≤ 2.2× 10−11eV
1.7× 10−14eV ≤ µ2 ≤ 1.8× 10−11eV
1.3× 10−14eV ≤ µ2 ≤ 1.8× 10−11eV
7.4× 10−15eV ≤ µ2 ≤ 1.8× 10−11eV
Table IX: Bosonic field mass bounds from the stellar mass X-ray sources defined in Table VI quoted at the 68% confidence limit.
calculated using the analytical instability rates detailed in Section II A 1 (spin-0), Section II A 2 (spin-1) and Section II A 3
(spin-2). For each BH we calculate the exclusion bounds using the timescales τSEdd, τSal and τHub, denoted by the E, S and H
labels respectfully. Entries containing ‘−’ represent configurations where the bounds from superradiance were below the 68%
confidence interval.
Black Hole τSR Spin-0 Spin-1 Spin-2
Fairall 9
E
S
H
−
−
2.5× 10−20eV ≤ µ0 ≤ 5.9× 10−20eV
1.6× 10−20eV ≤ µ1 ≤ 6.1× 10−20eV
1.1× 10−20eV ≤ µ1 ≤ 6.1× 10−20eV
5.0× 10−21eV ≤ µ1 ≤ 1.2× 10−19eV
3.7× 10−20eV ≤ µ2 ≤ 1.2× 10−19eV
2.8× 10−20eV ≤ µ2 ≤ 1.2× 10−19eV
1.5× 10−20eV ≤ µ2 ≤ 1.8× 10−19eV
Mrk 79
E
S
H
2.5× 10−19eV ≤ µ0 ≤ 4.6× 10−19eV
1.8× 10−19eV ≤ µ0 ≤ 8.8× 10−19eV
1.0× 10−19eV ≤ µ0 ≤ 1.3× 10−18eV
5.7× 10−20eV ≤ µ1 ≤ 9.1× 10−19eV
4.3× 10−20eV ≤ µ1 ≤ 9.1× 10−19eV
2.0× 10−20eV ≤ µ1 ≤ 1.4× 10−18eV
1.4× 10−19eV ≤ µ2 ≤ 1.4× 10−18eV
1.1× 10−19eV ≤ µ2 ≤ 1.4× 10−18eV
5.7× 10−20eV ≤ µ2 ≤ 1.8× 10−18eV
NGC 3783
E
S
H
3.8× 10−19eV ≤ µ0 ≤ 5.0× 10−18eV
2.8× 10−19eV ≤ µ0 ≤ 5.0× 10−18eV
1.5× 10−19eV ≤ µ0 ≤ 6.8× 10−18eV
8.6× 10−20eV ≤ µ1 ≤ 7.3× 10−18eV
6.1× 10−20eV ≤ µ1 ≤ 7.3× 10−18eV
2.8× 10−20eV ≤ µ1 ≤ 9.6× 10−18eV
2.0× 10−19eV ≤ µ2 ≤ 5.9× 10−18eV
1.5× 10−19eV ≤ µ2 ≤ 6.8× 10−18eV
8.0× 10−20eV ≤ µ2 ≤ 7.3× 10−18eV
Mrk 335
E
S
H
7.4× 10−19eV ≤ µ0 ≤ 4.2× 10−18eV
5.8× 10−19eV ≤ µ0 ≤ 4.2× 10−18eV
3.0× 10−19eV ≤ µ0 ≤ 6.4× 10−18eV
1.7× 10−19eV ≤ µ1 ≤ 6.8× 10−18eV
1.2× 10−19eV ≤ µ1 ≤ 6.8× 10−18eV
5.7× 10−20eV ≤ µ1 ≤ 8.9× 10−18eV
4.2× 10−19eV ≤ µ2 ≤ 6.8× 10−18eV
3.2× 10−19eV ≤ µ2 ≤ 8.9× 10−18eV
1.7× 10−19eV ≤ µ2 ≤ 8.9× 10−18eV
MCG-6-30-15
E
S
H
3.1× 10−18eV ≤ µ0 ≤ 3.9× 10−17eV
2.5× 10−18eV ≤ µ0 ≤ 5.9× 10−17eV
1.3× 10−18eV ≤ µ0 ≤ 7.5× 10−17eV
6.9× 10−19eV ≤ µ1 ≤ 5.8× 10−17eV
4.9× 10−19eV ≤ µ1 ≤ 8.2× 10−17eV
2.3× 10−19eV ≤ µ1 ≤ 6.7× 10−17eV
1.8× 10−18eV ≤ µ2 ≤ 5.1× 10−17eV
1.4× 10−18eV ≤ µ2 ≤ 5.1× 10−17eV
7.4× 10−19eV ≤ µ2 ≤ 5.1× 10−17eV
Mrk 110
E
S
H
4.6× 10−19eV ≤ µ0 ≤ 2.6× 10−18eV
3.4× 10−19eV ≤ µ0 ≤ 2.6× 10−18eV
1.8× 10−19eV ≤ µ0 ≤ 4.0× 10−18eV
1.1× 10−19eV ≤ µ1 ≤ 4.2× 10−18eV
7.5× 10−20eV ≤ µ1 ≤ 4.2× 10−18eV
3.5× 10−20eV ≤ µ1 ≤ 5.5× 10−18eV
2.4× 10−19eV ≤ µ2 ≤ 4.2× 10−18eV
1.8× 10−19eV ≤ µ2 ≤ 5.1× 10−18eV
9.9× 10−20eV ≤ µ2 ≤ 5.5× 10−18eV
NGC 7469
E
S
H
8.8× 10−19eV ≤ µ0 ≤ 2.0× 10−18eV
6.5× 10−19eV ≤ µ0 ≤ 4.0× 10−18eV
3.4× 10−19eV ≤ µ0 ≤ 6.0× 10−18eV
2.0× 10−19eV ≤ µ1 ≤ 4.2× 10−18eV
1.4× 10−19eV ≤ µ1 ≤ 6.3× 10−18eV
6.5× 10−20eV ≤ µ1 ≤ 6.3× 10−18eV
4.9× 10−19eV ≤ µ2 ≤ 6.3× 10−18eV
3.7× 10−19eV ≤ µ2 ≤ 6.3× 10−18eV
2.0× 10−19eV ≤ µ2 ≤ 8.4× 10−18eV
( To be continued)
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Black Hole τSR Spin-0 Spin-1 Spin-2
Ark 120
E
S
H
1.0× 10−19eV ≤ µ0 ≤ 1.3× 10−19eV
7.5× 10−20eV ≤ µ0 ≤ 1.4× 10−19eV
3.9× 10−20eV ≤ µ0 ≤ 2.7× 10−19eV
2.3× 10−20eV ≤ µ1 ≤ 2.8× 10−19eV
1.6× 10−20eV ≤ µ1 ≤ 2.8× 10−19eV
7.6× 10−21eV ≤ µ1 ≤ 4.2× 10−19eV
5.3× 10−20eV ≤ µ2 ≤ 3.9× 10−19eV
4.0× 10−20eV ≤ µ2 ≤ 4.2× 10−19eV
2.1× 10−20eV ≤ µ2 ≤ 5.2× 10−19eV
3C120
E
S
H
2.4× 10−19eV ≤ µ0 ≤ 1.3× 10−18eV
1.7× 10−19eV ≤ µ0 ≤ 2.2× 10−18eV
9.5× 10−20eV ≤ µ0 ≤ 2.8× 10−18eV
5.7× 10−20eV ≤ µ1 ≤ 2.1× 10−18eV
4.0× 10−20eV ≤ µ1 ≤ 3.2× 10−18eV
1.9× 10−20eV ≤ µ1 ≤ 3.9× 10−18eV
1.3× 10−19eV ≤ µ2 ≤ 2.1× 10−18eV
9.9× 10−20eV ≤ µ2 ≤ 2.8× 10−18eV
5.3× 10−20eV ≤ µ2 ≤ 2.8× 10−18eV
ESO 362-G18
E
S
H
8.3× 10−19eV ≤ µ0 ≤ 6.0× 10−18eV
6.5× 10−19eV ≤ µ0 ≤ 9.2× 10−18eV
3.4× 10−19eV ≤ µ0 ≤ 1.2× 10−17eV
2.0× 10−19eV ≤ µ1 ≤ 9.6× 10−18eV
1.4× 10−19eV ≤ µ1 ≤ 1.4× 10−17eV
6.5× 10−20eV ≤ µ1 ≤ 1.7× 10−17eV
4.5× 10−19eV ≤ µ2 ≤ 1.2× 10−17eV
3.4× 10−19eV ≤ µ2 ≤ 1.3× 10−17eV
2.0× 10−19eV ≤ µ2 ≤ 1.3× 10−17eV
H1821+643
E
S
H
−
−
−
−
−
5.8× 10−22eV ≤ µ1 ≤ 8.8× 10−22eV
−
−
−
NGC 4051
E
S
H
4.5× 10−18eV ≤ µ0 ≤ 9.6× 10−17eV
3.3× 10−18eV ≤ µ0 ≤ 9.6× 10−17eV
1.8× 10−18eV ≤ µ0 ≤ 1.2× 10−16eV
9.7× 10−19eV ≤ µ1 ≤ 1.0× 10−16eV
6.9× 10−19eV ≤ µ1 ≤ 1.3× 10−16eV
3.2× 10−19eV ≤ µ1 ≤ 1.2× 10−16eV
2.4× 10−18eV ≤ µ2 ≤ 9.5× 10−17eV
1.8× 10−18eV ≤ µ2 ≤ 9.5× 10−17eV
1.0× 10−18eV ≤ µ2 ≤ 9.5× 10−17eV
NGC 4151
E
S
H
2.7× 10−19eV ≤ µ0 ≤ 1.6× 10−18eV
2.0× 10−19eV ≤ µ0 ≤ 2.5× 10−18eV
1.1× 10−19eV ≤ µ0 ≤ 3.3× 10−18eV
6.1× 10−20eV ≤ µ1 ≤ 2.6× 10−18eV
4.3× 10−20eV ≤ µ1 ≤ 2.6× 10−18eV
2.0× 10−20eV ≤ µ1 ≤ 3.4× 10−18eV
1.4× 10−19eV ≤ µ2 ≤ 2.6× 10−18eV
1.1× 10−19eV ≤ µ2 ≤ 3.4× 10−18eV
5.7× 10−20eV ≤ µ2 ≤ 3.4× 10−18eV
M87*
E
S
H
3.5× 10−21eV ≤ µ0 ≤ 6.0× 10−21eV
2.6× 10−21eV ≤ µ0 ≤ 1.2× 10−20eV
1.3× 10−21eV ≤ µ0 ≤ 1.8× 10−20eV
8.8× 10−22eV ≤ µ1 ≤ 1.3× 10−20eV
6.2× 10−22eV ≤ µ1 ≤ 1.9× 10−20eV
2.9× 10−22eV ≤ µ1 ≤ 2.6× 10−20eV
1.8× 10−21eV ≤ µ2 ≤ 1.0× 10−20eV
1.3× 10−21eV ≤ µ2 ≤ 7.6× 10−21eV
7.2× 10−22eV ≤ µ2 ≤ 2.5× 10−20eV
OJ 287
E
S
H
−
−
−
4.4× 10−22eV ≤ µ1 ≤ 7.2× 10−22eV
2.9× 10−22eV ≤ µ1 ≤ 7.2× 10−22eV
1.3× 10−22eV ≤ µ1 ≤ 7.2× 10−22eV
8.8× 10−22eV ≤ µ2 ≤ 1.4× 10−21eV
6.7× 10−22eV ≤ µ2 ≤ 1.4× 10−21eV
3.3× 10−22eV ≤ µ2 ≤ 1.4× 10−21eV
UGC 06728
E
S
H
1.1× 10−17eV ≤ µ0 ≤ 5.6× 10−17eV
8.7× 10−18eV ≤ µ0 ≤ 5.6× 10−17eV
4.8× 10−18eV ≤ µ0 ≤ 8.5× 10−17eV
2.4× 10−18eV ≤ µ1 ≤ 5.4× 10−17eV
1.7× 10−18eV ≤ µ1 ≤ 8.2× 10−17eV
7.9× 10−19eV ≤ µ1 ≤ 8.2× 10−17eV
6.8× 10−18eV ≤ µ2 ≤ 8.2× 10−17eV
5.1× 10−18eV ≤ µ2 ≤ 1.1× 10−16eV
2.8× 10−18eV ≤ µ2 ≤ 1.1× 10−16eV
Total
E
S
H
3.4× 10−21eV ≤ µ0 ≤ 6.4× 10−21eV
9.4× 10−20eV ≤ µ0 ≤ 1.2× 10−16eV
2.5× 10−21eV ≤ µ0 ≤ 1.2× 10−20eV
6.4× 10−20eV ≤ µ0 ≤ 1.4× 10−16eV
1.3× 10−21eV ≤ µ0 ≤ 1.9× 10−16eV
4.2× 10−22eV ≤ µ1 ≤ 7.1× 10−22eV
8.5× 10−22eV ≤ µ1 ≤ 1.8× 10−16eV
2.9× 10−22eV ≤ µ1 ≤ 1.9× 10−16eV
1.3× 10−22eV ≤ µ1 ≤ 2.3× 10−16eV
8.8× 10−22eV ≤ µ2 ≤ 1.0× 10−20eV
3.6× 10−20eV ≤ µ2 ≤ 1.7× 10−16eV
6.4× 10−22eV ≤ µ2 ≤ 7.8× 10−21eV
1.9× 10−20eV ≤ µ2 ≤ 1.7× 10−16eV
3.2× 10−22eV ≤ µ2 ≤ 1.8× 10−16eV
2. Interacting domain extended results
The extended interacting domain bounds for each BH
are:
Table X: Bounds on axion decay constants fa quoted at the 68% confidence interval determined using the method discussed
in Section III B. Each constraint for the BHs detailed in Appendix A are determined using Eq. 26. Entries containing ‘−’
represent configurations where the bounds from superradiance were below the 68% confidence interval.
Black Hole Bound Black Hole Bound Black Hole Bound
GRO J1655-40 fa ≥ 5.1× 1014 GeV GRS 1716-249 fa ≥ 1.8× 1014 GeV A 0620-00 -
LMC X-3 fa ≥ 4.9× 1013 GeV XTE J1550-564 fa ≥ 5.4× 1013 GeV 4U 1543-475 fa ≥ 2.6× 1013 GeV
LMC X-1 fa ≥ 5.5× 1014 GeV GRS 1915+105 fa ≥ 2.5× 1014 GeV GRS 1124-683 fa ≥ 8.2× 1013 GeV
Cygnus X-1 fa ≥ 3.8× 1014 GeV M33 X-7 fa ≥ 1.5× 1015 GeV
GW150914 (1) - GW150914 (2) - GW151012 (1) -
GW151012 (2) fa ≥ 5.4× 1013 GeV GW151226 (1) fa ≥ 8.4× 1013 GeV GW151226 (2) fa ≥ 1.4× 1014 GeV
GW170104 (1) - GW170104 (2) fa ≥ 4.9× 1013 GeV GW170608 (1) -
GW170608 (2) fa ≥ 5.1× 1013 GeV GW170729 (1) fa ≥ 4.4× 1013 GeV GW170729 (2) fa ≥ 2.3× 1014 GeV
GW170809 (1) - GW170809 (2) fa ≥ 6.2× 1013 GeV GW170814 (1) -
GW170814 (2) fa ≥ 7.1× 1013 GeV GW170818 (1) fa ≥ 4.9× 1013 GeV GW170818 (2) fa ≥ 4.3× 1013 GeV
GW170823 (1) fa ≥ 5.6× 1013 GeV GW170823 (2) fa ≥ 6.4× 1013 GeV GW190412 (1) fa ≥ 2.5× 1014 GeV
GW190814 (1) - GW190521 (1) fa ≥ 8.5× 1013 GeV GW190521 (2) fa ≥ 5.1× 1013 GeV
Fairall 9 - Mrk 79 fa ≥ 8.9× 1015 GeV NGC 3783 fa ≥ 3.7× 1015 GeV
Mrk 335 fa ≥ 2.0× 1015 GeV MCG-6-30-15 fa ≥ 1.2× 1016 GeV Mrk 110 fa ≥ 1.7× 1016 GeV
( To be continued)
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Black Hole Bound Black Hole Bound Black Hole Bound
NGC 7469 fa ≥ 4.1× 1015 GeV Ark 120 fa ≥ 6.3× 1015 GeV 3C120 fa ≥ 1.1× 1016 GeV
ESO 362-G18 fa ≥ 2.5× 1015 GeV H1821+643 - NGC 4051 fa ≥ 9.3× 1014 GeV
NGC 4151 fa ≥ 6.8× 1015 GeV M87* fa ≥ 2.0× 1016 GeV OJ 287 -
UGC 06728 -
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